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Abstract m
ABSTRACT
Austenitic stainless steels are generally regarded as more difficult to 
machine than carbon or low alloy steels, because they are strongly workhardened. 
They bond very strongly to the tool during cutting, and this bonding is more 
obvious than when cutting other steels because the chips more often remain stuck 
to the tool after cutting. And when the chip is broken away it also remove other 
fragments.
In 1962 Opitz discovered that an adhering layer was formed on the tool 
face when machining the calcium deoxidised steel using the TiC carbide tool and 
the tool life was prolonged. Since then many research efforts have been made on 
that layer. However, the overall formation mechanism of the adhering layer is still 
not fully understood. And little work has been done on investigating the tool wear 
characteristics with an adhering layer formed and the layer formation progression 
when machining the Ca-S free-cutting stainless steel.
In this thesis, the machinability of the Ca-S free-cutting stainless steel and 
its relation with compound inclusions are studied. The tool wear mechanisms and 
tool wear progression patterns are identified. The cutting tool temperature field 
for machining Ca-S free-cutting stainless steel is modelled using the 
MSC/NASTRAN finite element analysis software package.
Based on the research results from the work described in this thesis, it is 
concluded that, the machinability of ordinary stainless steel is low, because the 
tool wear is serious and tool life is short. However, machinability is greatly 
improved by adding some compound inclusions in the steels. The adhering layer 
is mainly composed from the inclusions in the steel. The compositions of
Abstract IV
adhering layer are mainly compound ternary oxide of (CaO, MgO, Mn0)-Al20 3- 
Si02 and the distribution of compositions on different area of the rake face is 
different. The optimum range of composition proportions of inclusions in steel, 
which is favourable for the formation of adhering layer, is established. On the 
basis of the above investigation, the author discussed the extruding model of the 
inclusions and the tool wear mechanism with adhering layer formed.
It has also been concluded from the result of finite element analysis that, 
when there is an adhering layer formed during machining, the cutting tool's 
temperature gradient in the direction vertical to the rake face is smaller than that 
without layer, and the small temperature gradient is favourable for the stable 
formation of the adhering layer. The stable cutting temperature field maintains the 
stable adhering layer and influences its composition distribution on the tool face.
A theoretical model of adhering layer formation is developed in this 
thesis. This work is of significance for improving and optimising the machining 
performance, and even for developing new kinds of free-cutting stainless steel.
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION
1. 1.1 Manufacturing
Manufacturing, in its broadest sense, is the process of converting 
raw materials into products. It encompasses the design and manufacturing 
of goods, using various production methods and techniques. The different 
objects around us, such as watch, pen, pots, pans and telephone, have 
been transformed from various raw materials and assembled into the 
shapes that we now see.
Manufacturing is the backbone of any industrialised nation. Its 
importance is emphasised by the fact that, as an economic activity, it 
comprises approximately 20 to 30 percent of the value of all goods and 
services produced in industrialised nation [S. Kalpakjian, (1995)78].
The level of manufacturing activity is directly related to the
economic health of a country, the level of manufacturing activity in a
country reflects the economic power and the level of industry.
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Fig. 1-1 Relationships among the activities in manufacturing involving 
materials, processes, machinery, and people
Manufacturing is generally a complex activity (Fig. 1-1), involving 
people who have a broad range of disciplines and skills and a wide variety 
of machinery, equipment, and tooling with various levels of automation, 
including computers, robots, and material-handling equipment. Manu­
facturing activities must be responsive to several demands and trends:
• A product must fully meet design requirements and specifications.
• A product must be manufactured by the most economical methods in 
order to minimise costs.
• Quality must be built into the product at each stage, from design to 
assembly, rather than relying on quality testing after the product is 
made.
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The manufacturing process involves the design for manufacture and 
assembly, selecting materials with proper properties and proper cost and 
service life, and selection of manufacturing processes and methods.
1.1.2 Metal cutting
There may be several methods of changing the geometry of bulk 
material to produce a mechanical part:
1) By putting material together (such as welding, brazing, soldering, 
adhesive bonding, and mechanical joining).
2) By moving material from one area to another.
3) By removing unnecessary material (turning, boring, drilling, milling, 
planing, shaping, broaching, grinding, ultrasonic machining, etc.).
The term of metal cutting include operations in which a thin layer 
of metal, the chip or swarf, is removed by a wedge-shaped tool from a 
larger body. The shearing of sheet metal, the punching of holes or the 
cropping of lengths from a bar, can be considered as metal cutting, too. 
But the action of the tools and the process of separation into two parts are 
so different from those encountered in chip-forming operations, that the 
subject requires a different treatment.
In industry, the term machining is used to cover chip-forming 
operations. Most machining is carried out to shape metals and alloys. The 
machine tools can be used to machine non-metallic materials such as wood 
and plastic product. However the term metal cutting is used because the 
research has shown certain characteristic features of the behaviour of 
metals during machining which dominate the machining process.
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Today metal-cutting can be found in large segment of industry. The 
electrical engineering, railways, motor car industry, shipbuilding, aircraft 
manufacture, production of domestic equipment and the machine tool 
industry itself, there are many large machine shops with many thousands 
of employees engaged in machining. The importance of material removal 
operations in the scheme of things may be realised by considering the total 
cost associated with this activity, including expendable tool cost, labor 
cost, and cost of capital investment. In 1957 an estimate showed that more 
than 15 million tons of metal were turned into chips in USA, and in the 
same year 100 million tons of steel were produced. This suggests that 
something like 10% of all the metal produced is turned into chips [E. M. 
Trent, (1977)1]. The yearly cost in the USA associated with material 
removal has been estimated at about 10 per cent of the gross national 
product. It can be seen that metal cutting is a very major industrial 
activity, employing millions of people throughout the world.
The wastefulness of turning so much metal into low grade chip has 
directed attention to methods of reducing this loss. Much effort has been 
devoted to the development of ways of shaping components in which 
metal losses are reduced to a minimum. So far there are few signs that the 
numbers of components machined or the money expended on machining 
are being significantly reduced. In spite of its evident wastefulness, it is 
still the cheapest way to make a variety kinds of shapes and is likely to 
continue to be so for many years. And it is believed that the further 
evolution of the technology of machining to higher standards of efficiency 
and accuracy, and with less intolerable working conditions, is of great 
importance to industry generally.
5
Chapterl INTRODUCTION
The worker operating the machine, the tool designer, the 
lubrication engineer, the metallurgist, are all constantly probing to find 
answers to new problems created by the necessity to machine novel 
materials, and by the incentives to reduce costs, by increasing rates of 
metal removal, and to achieve greater precision or improved surface 
finish. It is what happens in a very small volume of metal around the 
cutting edge that determines the performance of tools, the machinability 
of metals and alloys and the qualities of the machined surface.
Turning is the basic and also the most commonly employed 
operation used on metal cutting. The work material is held in the chuck of 
a lathe and rotated. The tool is held rigidly in a tool post and moved at a 
constant rate along the axis of the bar, cutting away a layer of metal to 
form a cylinder or a surface of more complex profile (As shown in Fig 1-2).
The cutting speed V is the rate at which the uncut surface of the 
work passes the cutting edge of the tool-usually expressed in units of 
m/min. The feed (f) is the distance moved by the tool in an axial direction 
at each revolution of the work. The depth of cut (w) is the thickness of 
metal removed from the bar, measured in a radial direction. The product 
of these three gives the rate of metal removal, a parameter often used in 
measuring the efficiency of a cutting operation.
Rate of metal removal=V f w
The cutting speed and the feed are the two most important 
parameters which can be adjusted by the operator to achieve optimum 
cutting conditions. The depth of cut is often fixed by the initial size of the 
bar and the required size of the product. Cutting speed is usually between 
3 and 200 m/min, but may be much higher in exceptional cases.
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difference is usually small and the cutting speed is considered as constant 
along the tool edge.
angle
b
angle
Fig. 1-3 Cutting tool terminology
The main features of a turning tool are shown in figure 1-3. The 
surface of the tool over which the chip flows is known as the rake face. The 
cutting edge is formed by the intersection of the rake face with the
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clearance face or flank of the tool. The tool is so designed and held in such 
a position that the clearance face does not rub against the freshly cut 
metal surface. The clearance angle is variable but is often of the order of 6­
10°. The rake face is inclined at an angle to the axis of the bar of work 
material and this angle can be adjusted to achieve optimum cutting 
performance for particular tool materials, work materials and cutting 
conditions. For the truly orthogonal turning, the rake angle is measured 
from a line parallel to the axis of rotation of the work-piece. A positive 
rake angle is one where the rake face dips below the line (ab in Fig. 1-3), 
large positive rake angle gives a cutting edge which is sharp but easily 
damaged. The greater robustness of tools with smaller rake angle leads to 
the use of zero or negative rake angle. The tool terminates in an end 
clearance face, which also is inclined at such an angle as to avoid rubbing 
against the freshly cut surface. The nose of the tool is at the intersection of 
all three faces and may be sharp, but more frequently there is a nose 
radius between the two clearance faces.
In the study of metal cutting principle, three major regions of the 
cutting process are of the interest. The first area (Area I )shown in Fig. 1-4 
extends along the shear plane and is the boundary between the deformed 
and undeformed material or the chip and the work. The second area (Area 
II) includes the interface between the chip and the tool face, while the 
third area includes the finished or machined surface and the material 
adjacent to that surface. The plastic deformation characteristics of the 
material cut in the first area are keenly studied in the cutting process. 
Research is also carried out on the friction and wear characteristics of the 
tool-work combination in the second area, and the surface roughness 
produced in the finished surface constituting the third area.
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in machining process
The understanding of the complicated behaviour in the three major 
regions of cutting process involves a knowledge of several fields of 
engineering and science including:
1. Solid state physics.
2. Engineering mechanics.
3. Material behaviour.
4. Engineering plasticity.
5. Fundamentals of lubrication, friction and wear.
6. Basic concepts of chemistry and physics.
7. Principles of physical metallurgy.
8. Thermodynamics and heat transfer.
Some fundamental concepts in these many fields of endeavour will 
be reviewed and applied to the cutting process.
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The technology of metal cutting has been improved by 
contributions from all the branches of industry with an interest in 
machining. Development of cutting tool materials has been very 
important. Productivity could not have been increased without the 
replacement of carbon tool steel by high-speed steel and cemented carbide 
which allowed cutting speeds to be increased by many times. The special 
properties required by the cutting edge of tools to machine steel at high 
speed have developed machines capable of making full use of the new tool 
materials, and the computer controlled machine tools greatly increase the 
output per worker employed. Tool designers and machinists have 
optimised the shapes of tools to give long tool life at high cutting speed.
The development of many new metallic materials have also played 
an important role. Some materials, like high-alloy steels and nickel-based 
alloys, become more difficult to cut as their useful properties improved. 
On the other hand, metal producers have responded to the demands of 
production engineers for metals which can be cut faster. The introduction 
of alloys like the free-machining steels and leaded brass has made great 
savings in production costs.
Metal machining is also required as a further operation to parts 
manufactured by casting, forming, and shaping processes. Metal 
machining is necessary for many components to achieve dimensional 
accuracy. Industry commits much time and money to metal shaping 
operations such as lathe turning, milling, planning, shaping and 
broaching.
It is realised, to fully understand the mechanics of metal cutting is 
crucial to the metal industry. The age old practice of metal machining is 
not fully refined. Further development is needed to enhance tool design,
3 0009 03204536 6
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increase tool life, improve surface finish, and achieve higher dimensional 
accuracy. The reasons for developing a rational approach to material 
removal include following points:
a) To improve the cutting techniques-even minor improvements in 
productivity are of major importance in high volume production.
b) To produce products of greater precision and of greater useful life.
c) To increase the rate of production and produce a greater number and 
variety of products with the tools available.
The volume of industrial output from the machining process is 
increasing rapidly, and the future trend of metal cutting is towards high 
speed, high efficiency, automatic and precision. Therefore, as an important 
mechanical property for manufacturing, the machinability of the 
engineering material which is directly related to cutting tool wear and tool 
life, has shown obvious importance. So attention are paid not only to the 
physics, chemical and mechanics properties, but also to the machinability 
of engineering materials.
1.2 ON THE STUDY OF FREE-CUTTING STEEL AND FREE-CUTTING 
STAINLESS STEEL
An outline of engineering materials78 is shown in Fig. 1-5. Steels are 
widely used in industry, they are the most commonly used materials for 
manufacturing, and there is no doubt that the various steels are very 
important engineering materials.
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Engineering Materials
M etals
Ferrous Nonferro us
Steels
Stainless steels 
Tool and die steels 
cast irons
1
Thermoplastics
Aluminum
Copper
Tungsten
Others
Acrylics 
ABS 
Nylons 
Po lye thy lenes 
PVC 
Others
Plastics
Thermo sets
Epoxies
Phenolics
Polyimides
Others
Ceramics 
and others
Composites
1
Elastomers Oxides
Nitrides
Carbides
Glasses
Rubbers 
Silicones 
Polyurethanes Glass ceramics
Graphite
Diamond
Reinforced plastics 
Metal-matrix 
Ceramic-matrix 
Laminates
Fig. 1-5 An outline of engineering materials
1. 2. 1 The free-cutting steel
It has been over 70 years since the discover of free-cutting steel. 
The free-cutting steel was first discovered accidentally in the United States 
of America during world war I (1914~ 1918). At that time, in order to 
increase the steel output, some plants made the steel with exceeding 
contents of S, P (over the regular standard). Thus the content of S was a 
little bit higher, but the content of Mn was within specification, so the 
brittleness was not significant during rolling process, but the machinability 
was greatly improved and this phenomenon was greatly concerned at that 
time. In 1920, the S free-cutting steel was first discovered and used in the 
United State of America .
After 1932, research was carried out on improving machinability by 
adding Pb in the steel. Almost at the same time, saw the patent of Se 
(selenium) free-cutting steel being put forward. After that, many free- 
cutting steel with complex inclusions in it were produced, such as Pb-S
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free-cutting steel. Distinguished according to mechanics properties, there 
are basically two different types of free-cutting steel. One type of free- 
cutting steels were produced by adding "free-cutting element" like S, Pb, Se 
and Te, etc. into the steel. Because these elements are almost not solvable 
in the iron at normal temperature when the iron is in solid state, they exist 
as inclusions in the steel. The cost for the improved machinability is the 
reduction of mechanical property of the steel. So this type of free-cutting 
steel can be called " free-cutting type" steel.
Apart from adding free-cutting elements, in the 60s, German 
scientist H. Opitz [19623] studied a new deoxidising method to improve 
machinablity by adjusting the calcium oxides. Therefore a new type of 
free-cutting steel, ie, the Ca free-cutting steel was produced (generated). 
This type of free-cutting steel was made using calcium alloy (eg. Ca-Si) as 
deoxidising agent to generate calcium sulphides . This type of free-cutting 
steel, together with the later appeared rare earth free-cutting steel and 
rare earth with S free-cutting steel were good both in machinability and 
mechanical property, and thus can be called " mechanical property type" 
free-cutting steel. And this good property made wider the application 
extent of the steel, and thus suitable for the development of modem 
industry.
1. 2. 2 The free-cutting stainless steel
Because of the superior properties such as good plasticity, rust­
proof and magnetic-proof, etc. the stainless steel has found a lot of 
applications in electronic industry, medical appliance industry. Stainless 
steel is also an important metal material used in aerospace, atomic energy,
14
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ocean exploration and petroleum industries. The output volume of 
stainless steel has increased over 5 times in recent ten years.
However, the machinability of ordinary stainless steel could not 
satisfy the requirement of production. The ordinary austenitic stainless 
steels are generally regarded as more difficult to machine than carbon or 
low alloy steels, because they are strongly work hardened, they bond very 
strongly to the tool during cutting, and this bonding is more obvious when 
comparing with cutting other steels because the chips more often remain 
stuck to the tool after cutting. And when the chip is broken away, it may 
remove with it fragments of the tool piece.
To improve the machinability of stainless steel, many endeavour 
had been made through selecting optimum cutting tool material, optimum 
cutting regime, optimum cutting tool geometry and cooling-lubricant 
conditions, but the effect was not significant. The inherent property of 
austenitic stainless steel determined its bad machinability. Hence, the basic 
way to improve the machinability of the stainless steel is to study the 
materials itself, leading to the development of free-cutting stainless steel.
Free-cutting stainless steel is ordinary stainless steel with some 
added free-cutting elements. The machinability could be greatly increased 
since the existence of non-metallic inclusions in the steel which is 
favourable for machining. The development of free-cutting stainless steel 
has been rapid. The patent application for free-cutting stainless steel 
reaches 75 items from 1965 to 1975, according to incomplete statistics (D. 
Pecknerand I. M. Bernstein, (1977)74).
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1.3 ON TEE STUDY OF ADHERING LAYER FORMED ON CUTTING 
TOOL SURFACE
It was first discovered in 1962 by H. Opitz [19623] that an adhering 
layer (Belag) was formed on the carbide tool when machining the calcium 
deoxidised steel. The adhering layer formed on cutting tool surface 
prolonged the tool life and thus it had been widely investigated. The 
research work had also been carried out on the special free-cutting 
mechanism which is the " existence and influence of adhering layer " 
mechanism. The previous research works are mainly on the Ca or Ca-S 
free-cutting structural steel, the research on Ca-S free-cutting stainless 
steel is seldom. Besides, few research has been done on the formation 
process and mechanism of the adhering layer.
The protective effect of adhering layer on the cutting tool was 
testified in many researchers’ s works. Research works were also done on 
comparing the main composition of adhering layer and inclusion in the 
steel.
It is believed that one of the most important factors influencing the 
formation of adhering layer is the cutting tem perature. Though 
investigations should be made not only on the average cutting 
temperature, but also on the cutting temperature distribution and 
temperature field, then the influence of cutting temperature on the 
formation mechanism of adhering layer can be analysed further. Tay, 
Steven, et al. [(1974)87>88] studied the temperature distribution in tool-chip 
contact zone, but the model is the ones without adhering layer formed, 
and thus could not be used simply as the theoretical model with adhering 
layer formed. It is necessary to study the tool-chip interface temperature 
distribution through experimental method, and the measured temperature
16
Chapterl INTRODUCTION
distribution can be used as boundary condition to study the cutting 
tem perature field to clarify the relationship between the cutting 
temperature and the formation of adhering layer.
1.4 gESEA&ÇH CONTENT AND AIMS
The research works in this dissertation includes the following 
aspects.
1) . To make a systematic analysis on the types, compositions, shapes, sizes,
amount and distribution of inclusion in Ca-S austenitic stainless steel.
2) . Study the free-cutting mechanism and tool wear progression by
comparing machinability of Ca-S free-cutting stainless steel and 
ordinary stainless steel.
3) . Study the appearance, compositions, and distribution of adhering layer
formed on tool face when machining Ca-S free-cutting stainless steel 
with P10 tool (International Standard, a carbide tool material used for 
machining steel). The relation between layer thickness and cutting 
regime is also considered.
4) . Study the deformation behaviour and extruding effect of inclusion in
the steel. Investigate the optimum inclusion composition for the 
favourable formation of adhering layer.
5) . Study the tool-chip interface temperature distribution when machining
the Ca-S free-cutting stainless steel, and calculate the cutting tool 
temperature field with FEM.
17
Chapterl INTRODUCTION
6). Set up the theoretical model of adhering layer formation to study the 
different ways to promote the layer formation.
As little work has been done to investigate the tool wear 
characteristics with adhering layer formed when machining Ca-S free- 
cutting stainless steels, this thesis aims to study the following aspects to 
reveal the formation mechanism of adhering layer:
1 ) The machinability of the steel.
2) The adhering layer pattern.
3) The tool wear progression with adhering layer formed.
4) The relation of adhering layer thickness with cutting speed and feed.
5) The optimum inclusion proportion in the Ca-S free-cutting stainless 
steel (which is favourable for the stable formation of adhering layer).
6) The extruding process of inclusion in the free-cutting stainless steel to 
form the adhering layer and its protective effect on cutting tool, etc.
7) To study the cutting tool temperature field using finite element method.
The work described in this thesis is of significance for adjusting and 
controlling tool wear patterns, for improving and optimising the 
machining performance, and then for developing new kinds of free-cutting 
stainless steels.
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2.1 I$R1£F HISTORY
It has been 60 years since the discovery of free-cutting steel. The 
sulphur series of free-cutting steel was first discovered and used in the 
United States of America. In 1937, the research and application of Pb 
(lead) series of free-cutting steels were carried out in the US. These early 
types of free-cutting steel usually possessed good machinability and bad 
mechanical properties.
In 1962, German scientist H. Opitz3 discovered that, an adhering 
layer (Belag) was formed on TiC carbide tool when it is used to machine 
the calcium-deoxidised steel, and the existence of the adhering layer 
greatly prolonged the tool life. Since then, a lot of research work were 
carried out on calcium and calcium-sulphur free-cutting steel. These types 
of free-cutting steel together with the subsequent appeared rare earth and 
rare earth with sulphur free-cutting steel have both good machinability 
and good mechanical properties. And because of these properties, these 
type of free-cutting steel are named as the "Mechanical Property" free- 
cutting steel type. Its special free-cutting mechanism, ie, the mechanism of 
adhering layer effect is also widely studied.
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M. C. Shaw [(1967)2] made an investigation on the machining of 
three different kinds of steels which was C45 ordinary deoxidised steel,, Si 
and Ca deoxidised steel and ordinary deoxidised steel. The cutting force, 
cutting temperature, chip contact length and machined surface roughness 
were detected under varying cutting speed. Then the P10 carbide cutting 
tool wear when machining different types of steel were measured at the 
cutting speed of 165m/min. The experimental results indicated that a thin 
layer, with properties different from the workpiece material and with a 
protective effect on tool, was formed on cutting tool rake and flank face 
during machining of the Fe, Si and Ca deoxidised steel.
Below are results of some key researchers on the free-cutting steel 
and the adhering layer formed on the surfaces of cutting tools.
2.2 RESEARCH RESULT OF OKUSHIMA KEIJI
Okushima Keiji, et al (1968)4. studied the adhering layer formed on 
tool face and the influence of the layer on cutting tool wear when 
machining the Ca-Si deoxidised steel and Fe-Si deoxidised steel. In 
addition, the appearance and composition of the adhering layer under 
varied cutting conditions were studied by means of micro-detective 
devices. The following points were discovered:
1). When machining Ca-Si deoxidised steel, a semi-transparent adhering
layer was formed on cutting tool surface with the compositions of 
3CaO • A120 3 • Si02. When cutting speed increases, CaO and Si02 tend
to decrease while A120 3 tends to increase. When machining the Fe-Si
deoxidised steel, the color of the adhering layer is grey. Its 
compositions are CaO, A120 3, Si02 and MnS.
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2). When machining the Ca-Si and Fe-Si deoxidised steel with metal 
cemented cutting tool, the adhering layer could be formed within a 
wide range of cutting speed. The cutting tool wear is smaller when the 
covering range of adhering layer on the tool surface is wider.
2.3 RESEARCH RESULT OF IODKOVSKY
By means of electrolytic separation, X-ray analysis and other 
methods, the Soviet researcher S. A. Iodkovsky [(1977)10] studied the 
quantitative composition ratio of deoxidising agent, Al, Ca and Si which are 
the basic compositions of "Belag", the adhering layer. The analysis was also 
made on the relation between the inclusions in the steel and the "Belag" 
formed on cutting tool surface. The results show that:
1) Only when there are round shaped compound inclusions of anorthite
and gehlenite in the steel, at a proper cutting temperature, will the 
inclusions have enough plasticity without melting, and can be 
integrated on the cutting tool surface. So in order for the adhering 
layer to be formed on the cutting tool surface, the melting point of 
inclusions should be higher than cutting temperature for the inclusion 
to be adhesive enough to adhere to cutting tool.
2) The content of A120 3 in the "Belag" is more than that in the inclusions.
This is because, during machining process the inclusions in the steel
had a chemical and physical changes under the effect of cutting stress 
and cutting temperature field. Near the tool face, A120 3 in the glass
silicate fuse. The remaining aluminium in the steel become oxidised 
and gradually dissolved in the melting-state 3CaO • A120 3 • 3Si02
(melting point 1200°C) and CaO-Si02 (melting point 1500°C). 
Through such a process, an adhering layer with compositions similar 
to gehlenite (melting point 1590°C) can be formed on cutting tool face
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even when machining the steels without gehlenite inclusions. It can be
seen from such a process that the state of the inclusions (such as 
3CaO • A120 3 • 3Si02 )in the steels, ie, whether the inclusions is melt or
not could directly influence the chemical and physical change of the 
adhering layer.
2.4 RESEARCH RESULT OF J. PIETIKAINEN
The Finland researcher, Juha Pietikainen [(1977)8] studied the 
machinability of Ca-Si deoxidised steel in different air and gas 
environment and found that:
1) Under any kind of atmosphere, the adhering layer can be formed on W- 
Co-Ti type cutting tool surface and no chip is found bonded to cutting 
tool surface. On the contrary, no adhering layer can be found to be 
formed on W-Co type cutting tool surface and chip is found bonded 
strongly to cutting tool surface. The chips is bonded to the cutting tool 
more strongly if it is machined in an Argon environment, and thus 
adding more difficulties to the machining.
2) The adhering layer formed in the Argon is thicker than that in the air. 
According to the analysis from ternary phase diagram, the increase of 
oxide could reduce the softening point of the adhering layer. Therefore, 
the hardness of the adhering layer increases due to the lack of oxygen 
in Argon, and therefore the adhering layer could be formed thicker 
than in the air.
2.5 RESEARCH RESULT OF M. HIAO
M. Hiao, et al. [(1971)6] from Japan studied the relation between 
cutting speed and thickness of adhering layer when machining the free-
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cutting structural steel (Result see Fig.2-1). The cutting temperature and 
melting points of inclusions in the steel were also studied. The results show 
that:
V (m/min)
Fig.2-1 Research result on the relationship of V, f with layer 
thickness ( From M. Hiao, 1971)
1) The highest temperature in the cutting zone for the thickest 
adhering layer formed is in proportion with the melting point of the 
inclusions. The optimum temperature for adhering layer to be formed 
is:
ec = 0.591 x ^ C C )  
where 0C -cutting temperature
0mp -melting point of inclusions
24
Chapter2 LITERATURE REVIEW
Fig.2-1 Research result of M. Hiao on the relation of 
temperature with coverage coefficient
2) A measurement which establishes the relationship between layer 
thickness and cutting temperature-coverage coefficient. Coverage co­
efficient is used to express the relation of layer thickness and cutting 
temperature, the coefficient is put at 1 when the layer is thickest.
2.6 RESEARCH RESULT OF ITOU TETSURO
Itou Tetsuro et al. [(1982)29] also from Japan studied the relation 
between the melting point of calcium compound oxide and cutting 
temperature when machining the Ca free-cutting structural steel. Further 
more, the melting and softening temperatures of the different Ca 
compound oxides in steel are measured and analysed. The results show 
that:
1) Different deoxidising method will result in different composition of 
calcium compound oxide inclusions in the steel. Each kinds of oxides 
have their corresponding melting points and softening temperatures 
(As shown in Table2-1).
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Table 2-1 Research result on the average oxide compositions in steels and 
melting points of compounded oxide (From Itou Tetsuro 1982)
Specimen Average of oxide composition Melting point
No S i02 A1203 CaO MnO oC
1 7 91 2 0 1950
2 47 30 15 8 1420
3 51 24 15 10 1350
4 48 23 17 12 1300
5 45 10 10 35 1150
6 46 6 6 42 1120
2) When the ratio of the inclusion melting point 0^  to the cutting
temperature is 1.7:1, the cutting tool life will greatly increase, and this 
corresponds to the thickest adhering layer. This is shown in figure 2-3.
Table 2-2 Cutting conditions for the investigation of melting points
of inclusions and tool life (From Itou Tetsuro, 1982)
Line patterns
Experiment steel S20C SCM3
Tool P10 (ISO) P10(ISO)
Feedrate 0.2 mm/rev 0 .1 2 ,0 .2 ,0.38mm/rev
Depth of cut 2.0 mm 2.0mm
Cutting speed 150,200,250 m/min 200 m/rev
W ear land value 
for m easuring tool VB=0.2 mm VB=0.3 mm
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Fig. 2-3 Relation between the melting points of inclusions
in steel and the cutting tool life 
(Research result of Itou Tetsuro)
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2.7 RESEARCH RESULT OF NARUTAKINORIHIKO
Narutaki Norihiko, et al. [(1982)31] investigated the diffusion-proof
effect of several chemical compound. The chemical compounds of FeO, 
2CaO* A120 3 • Si02, MnO, Cr20 3, TiO and MnS were coated respectively on
the contacting surfaces of P10 or cemented tools and the workpieces of 
pure iron or S55C steel. After they were kept for 30 minutes at the 
temperature of 0 = 1200°C and pressure of P = 6.1 xlO6Pa, the connected 
tool-work materials were separated to see how easy or how difficulty they 
could be separated, or in another word, to check the adhering and 
diffusion ability of the surface. Then the sectional diffusion was analysed, 
the results indicate the following points:
1) . FeO and MnS react strongly with carbide tools and cement tools,
therefore coatings made from these two type of inclusions did not have 
restraining effect on the tool-workpiece diffusion wear.
2) . Gehlenite, Cr20 3 and Ti02 basically did not react with cutting tool
materials. So they could prevent the diffusion wear of cutting tool.
Naritaki Narihiko [(1976)16] et al. made a comparative experiment 
using P10, P20, TiC coating tool and the two types of special carbide tools 
which were coated with gehlenite and carbide tool sintered with gehlenite 
powder. The aim of the investigation was to see whether the adhering layer 
could be formed on the tool face when machining the ordinary steels with 
the above mentioned two types of special carbide tools coated or sintered 
with gehlenite. The research results are:
1). For the TiC coating, the property of anti-abrasive wear is better than 
that of anti-diffusion wear due to its high hardness and low affinity to 
iron. The effect of anti-diffusion wear of gehlenite coating is better than
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that of TiC coating, but the anti-abrasive effect of gehlenite coating is 
very small.
2).The gehlenite powder in the special cutting tool can only induce the Ca 
silicate inclusions in the work materials to be separate out. For the real 
formation of adhering layer on cutting tool face in order to prolong the 
tool life, it is determined by the work materials themselves.
Japanese scholar, Araki and Yamamoto [(1975)8] used a new Ti­
deoxidising method, to make the steel containing a certain amount of Ti 
oxides. A proper Ti-containing plastic layer was formed on the tool surface, 
which prevented the element diffusion during machining. The comparative 
experiment indicated that the machinability of Ti-deoxidised steel was 
better than that of Ca-deoxidised steel.
2.8 RESEARCH RESULT OF NORDGREN AND MELANDER
By means of semi-automatic image analysis in a scanning electron 
microscope, Nordgren and Melander [(1988)20»21] studied the deformation 
behaviour of different types of inclusions in the secondary shear zone of 
the chip and tool-chip interface during turning of quenched and tempered 
steel SS2541 (En24, SAE4337) using coated carbide inserts. The influence 
of different types of inclusion on the tool wear and on the formation of 
protective layers on the tool surface are discussed. Examples are given of 
worn cutting inserts after machining steels with different inclusion.
They quantitatively discussed how different types of inclusions in 
quenched and tempered steel deformed in the three deformation zone. The 
plastic deformation of an inclusion can be quantified using length-to- 
thickness ratio (shape factor). The value of this shape factor depends on
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inclusion type, applied load, temperature and also particle size. The 
following conclusions had been drawn.
Shape factor=XL/YL
Fig. 2-4 Schematic view of the shape factor of inclusion 
during the analysis of inclusion deformation 
behaviour in the flow zone( From Nordgren 
and Melander, 1988)
i) For different inclusion types, the deformation behaviour in the 
secondary shear zone is different . MnS and mixed sulphides (MnCa)S 
are plastically deformed. This is different from the behaviour of oxides 
inclusions. Alumina ( A120 3) particles as well as calcium containing
oxides do not deform in the secondary shear zone, even though the 
temperature and shear strain are very high.
ii) Of vital importance for tool wear and layer formation is the behaviour 
of the inclusions when they are sliding against the tool surfaces.
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Fig.2-5 Shape factor values for MnS as a function 
of the shear in the flow zone (After Nordgren
and Melander, 1988)
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iii) MnS become extremely deformed in the secondary shear zone and in 
the chip-tool interface. Layers of MnS are absent from the tool surface 
at high cutting speed (v=280m/min).
Fig. 2-6 Heavily deformed manganese sulphides in the flow zone. 
(From Nordgren and Melander, 1988)
iv) Similar type of slicing off process can also be observed for hard A120 3
particles on the chip surface when machining untreated steel. However,
extensive cavity formation indicates high contact stresses between 
A120 3 particle and tool surface. Abrasive wear is therefore believed to
be an important wear mechanism when machining conventional, 
untreated steel containing A120 3 particles.
v) When machining calcium treated steels, the patterns of layer formed on
the tool surface are determined by the inclusion content of the steel. 
No layers are formed from inclusions when machining untreated steel.
vi) One reason for the observed decrease in tool wear when machining 
calcium treated steel is the elimination of hard, abrasive A120 3
particles which could often be found in untreated steel. Another reason 
for the improved machinabilitv when machining calcium treated steels 
is the formation of non-metallic layers on the tool. Several different
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effects of these layers are possible, for example, diffusion wear is 
reduced, the cutting conditions, cutting forces and temperature in the 
cutting zone, etc. The role of non-metallic layers on tool wear is a 
subject of extensive research work and more research on the subject is 
required to be done.
2.9 RESEARCH RESULT OF P. HELISTO
P. Helisto, et al. [(1990)25] from Finland studied the wetting ability 
and reactivity of oxide compounds on cemented carbide inserts at elevated 
temperatures. The basic processes controlling the layer formation are not 
fully known, but it is assumed that good wetting ability of the inclusions on 
the tool is required. In an attempt to gain more insight into the processes 
taking place during layer formation, the behaviour of several oxide 
compounds on cemented carbide inserts at elevated temperatures was 
studied.
Table 2-3 List of compounds studied. Compositions are derived from 
SEM microanalysis ( research result of P. Helisto)
Abbreviation Composition (wt. %)
Al Ca Al2 0 3 -Ca0 52-48
A lC aS i Al2 0 3 -Ca0 -Si0 2 23-32-45
A lM gS i Al20 3-M g0-Si02 37-13-50
Ca Mg Si CaO-MgO-Si02 27-16-57
A lM nSi Al2 0 3 -Mn0 -Si0 2 26-2549
The approximate compositions of the compounds studied in this 
work are listed in table 2-3. The compounds were produced by melting 
carefully mixed oxide powders in air and grinding the resulting clumps 
into fine powder. The inserts were of ISO code P10 and M30 in the
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experiments, and the inserts were mechanically polished before the 
experiments. Hand-pressed samples of the powders were placed on 
cemented carbide inserts which were then heated in an Argon atmosphere 
above the melting temperature of the powders. The contact angle 0 
between the insert and the liquid droplet was then registered as a function 
of temperature (sessile drop method, see figure 2-7).
Fig.2-7 Schematic diagram of the sessile drop experiments. Wetting 
is considered good if 0<3O°, moderate if 30°<9<60°, and
the droplet does not wet the substrate if 0>9O° ( From P.
Hehsto, 1990)
Representative contact angle curves are drawn in Fig. 2-8. The 
results show following conclusions.
i) Calcium aluminates have moderate wetting ability and no reactivity both
on pure WC+Co inserts and on TiC-containing inserts. Although no 
reactions were observed, it is possible that a thin titanate or tungstate 
layer on the tool binds the droplet to the tool.
ii) Compounds containing SiC>2 (and MnO) wet TiC-containing tools very 
well at high temperatures. Good wetting is accompanied by dissolution 
of titanium from the carbide tool into the droplet and by changes in
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the tool microstructure near the interface. This chemical activity is 
tentatively explained to result from the high oxygen affinity of titanium 
in comparison to silicon (or manganese).
1100 1200 1300 1400 1500 1600
T(° C)
Fig.2-8 Results of the sessile drop experiments.from P. Hdisto [1990, Finland]
( contact angle 0 is given as a function of the temperature T for 
typical oxide compound-insert combinations, insert material is P10)
iii) Surface of pure WC+Co tools do not show signs of conspicuous 
reactivity even with the SiC>2 and MnO-containing compounds, despite
vigorous gas formation observed during the experiments. Wetting 
ability varies from moderate to poor.
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iv) It is suggested that inclusions in steel forming a passive oxide layer on 
the tool surface can result in less tool wear than chemically active 
inclusions.
In conclusion, such studies give valuable information in the 
development of steels with better machinability.
Although wide studies have been done on the free-cutting 
mechanisms of free-cutting steels and the formation of the adhering layer 
on cutting tool, most of these research are limited to the free-cutting 
structural steel. Research papers on free-cutting stainless steels, especially 
the Ca-S free-cutting stainless steel are limited. Moreover the overall 
formation mechanism of adhering layer formed on tool face during 
machining of free-cutting steel is not fully understood. So it is necessary to 
make a further study on the machinability, the free-cutting mechanism, 
and the formation mechanism of adhering layer, in order to obtain the 
valuable conclusions which can be used to guide the production of free- 
cutting stainless steel and used for the optimisation of machining process.
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It is known that, the adhering layer can be formed on tool face when 
machining Ca free-cutting steel. The adhering layer has the protective 
effect on cutting tool and can prolong tool life. The formation of adhering 
layer is directly related with the types, shapes, compositions, size, amount 
and distribution of non-metallic inclusion in steel.
So it is necessary to analyse the experimental method to study the 
formation mechanism of the adhering layer. Up to now, most research were 
performed on calcium or calcium-sulphur free-cutting structural steel. But 
little work had been done on the calcium-sulphur free-cutting stainless 
steel (including the machinability and layer formation). Besides, it was still 
not fully understood on the overall formation mechanism of the adhering 
layer formed on cutting tool surface during the machining process. An 
analysis and study of the inclusion in the steel and its relation with the 
compositions of adhering layer can provide useful suggestions for the 
optimisation of metallurgical process. It is also useful to study the relation 
of adhering layer formation with the cutting speed and feed rate, and to 
study the conditions for the stable formation of adhering layer. In this
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chapter, the experimental methods are introduced on the detection of 
cutting force, mean cutting temperature, tool temperature distribution on 
the rake face and tool wear progression.
3.1 TEST MATERIAL
The test materials involved for the comparative study are ordinary 
austenitic stainless steel and Ca-S free-cutting austenitic stainless steel.
3.1.1 Special characteristic of Ca-S free-cutting stainless steel
The Ca-S free-cutting stainless steel, compared with sulphur free- 
cutting stainless steel, has greater strength and plasticity. It does not have
the disadvantage of poor hot-processing ability and poor corrosion- 
resistant ability. In addition, the compound inclusions of CaO, A120 3 and
Si02 in the steel is in a soft or a semi-melting state during machining at 
high speed, which is favourable for the formation of adhering layer on the 
tool face and for the protection of the cutting tool from abrasive wear and 
diffusion wear.
3.1.2 Chemical composition of the Ca-S free-cutting stainless steel
The chemical compositions (in weight percentage wt %) of the 
different elements in the test materials, ie, the Ca-S free-cutting steel and 
ordinary stainless steel are listed in table 3-1.
It can be seen that the composition content of calcium and sulphur 
in the Ca-S free-cutting stainless steel is relatively higher than that of the 
ordinary stainless steel.
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Table 3-1 Chemical composition of the test materials (wt %)
Material è Mn Si S P Cr Ni Mo Cu Ca Al Fe
Ca-S free 
cutting 
stainless 
steel
ao8
<
1.50
<
0.08
<
0.10
<
0.04
16.50 9.50 <
1.00
<
0.25
<0.01 remainder
ordinary
stainless
steel
0.041 1.53 0.85 0.004 0.017 18.20 9.43 0.11 0.042 remainder
3.1.3 The mechanical property of Ca-S free-cutting stainless steel
The mechanical property of the test material (Ca-S free-cutting 
stainless steel) is listed in table 3-2 below.
Table 3-2 Mechanical property of the test material
status (Tb kg/mm2 Gs kg/mm2 s% HB a k
kgm/cm
lengthwise
a k
kgm/cm
crosswise
solid
solution
61.5 29 59.5 162 23.6 10.3
hot
rolling
76.5 58.5 45.5 232 21.5 7.8
where: (Tb, the bending strength 
(Js, yield strength 
8 %, percentage elongation 
HB, hardness
ak , impact strength value (kgm/cm2)
3.1.4 Types and shapes of inclusions in the Ca-S free-cutting stainless steel
The types and shapes of inclusions in the Ca-S free-cutting stainless 
steel can be observed and analysed by means of SEM and EPMA (Electronic 
Probe Micro-Analysis). The results show that there are basically two types
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of inclusions in the Ca-S free-cutting stainless steel. One type is the 
compound oxides inclusions (The core of CaO, A120 3, Si02, MgO and MnO
are surrounded by MnS, FeS and CaS). The other type is sulphides 
inclusion.
The compound oxides are mainly round shaped and they basically 
do not deform after hot rolling process (Fig.3-1 (a)). A few compound 
oxides are spindle shaped and chain shaped and they deform after hot 
rolling (Fig.3-lb, c)
(d) (e)
Fig.3-1 The shapes of inclusions in Ca-S free-cutting stainless steel
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The sulphide inclusions are mainly in strip shaped, a few of the 
sulphide inclusions are scattered in string shape. They deform uniformly 
after hot rolling process (Fig.3-1 d, e).
3.1.5 Compositions of inclusions in the test material
By EPMA, the distribution of the composition elements in the Ca-S 
free-cutting stainless steel is studied further, the results are shown in Fig.3- 
2, Fig.3-3.
(c) Mn (Ka) (d) Fe (Ka )
Fig.3-2 Results of EPMA analysis on sulphide inclusions in the 
Ca-S free-cutting stainless steel
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(d) Si (Ka) (e) Mg (Kjj)
(g )F e(K a) (h) O (Ktt)
(f) M n d ^ )
Fig.3-3 Results of EPMA analysis on oxide inclusions in the
Ca-S free-cutting stainless steel
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Fig.3-2 b, c, d show the plane (two-dimensional) distribution of S, 
Mn, Fe. It is known from the test result that, the compositions of the 
inclusions of the strip shaped sulphides are mixture of MnS and FeS.
Fig. 3-3 b, c, d, e, f, g, h show the plane distribution of Ca, Al, Si, Mg, 
Mn, Fe and O. It can be seen that there exist a large amount of Ca, Al, Si, 
Mg, Fe and O in the middle part of the oxide inclusion, which indicates that
this type of inclusions are compound oxides mainly composed of CaO, 
A120 3, Si02, MgO and FeO.
It can be known that the oxide inclusions are composed of multiple 
phases. Usually, MgO, FeO and NiO are solvable in the chemical compound 
of CaO in solid state, therefore they are regarded as one phase MeO (Me 
represents the elements which could be replaced in the solid solution). The 
oxide inclusions in Ca-S free-cutting stainless steel are basically composed 
of calcium-contained aluminate and silicate, ie, ternary phase oxides CaO- 
Al20 3-S i02 series.
3.1.6 Size, amount and distribution density of the inclusions in the test 
material
' i | i  J I i M -
By means of automatic-image-analyser, the inclusions in the Ca-S
111' Hifree-cutting stainless steel can be measured quantitatively. The area rate of i
i j  11 * i '
oxides and sulphides in the field, the total amount of oxides in the field, 
the mean length L and mean width W of the oxides are calculated, and 
the elongation of oxide inclusion after deformation in hot rolling are also 
quantified.
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Table 3-3 Inclusion size and amount obtained from automatic-image-analyser
oxides inclusion
material
inclusion 
total area
%
sulphide 
s area%
area% Number
N
L W LIW
Ca-S
free-
cutting
steel
0.343 0.155 0.188 60 1.69 1.20 1.40
A certain numbers of fields (with each field areas of 3322.7552 
fim2) are detected through automatic-image-analyser. The average oxide
inclusion amount in a field is 55 to 60. So the number of oxide inclusions 
in each square millimetre can be calculated out (there are about 1000 
inclusions per square millimetre).
3.2 EXPERIMENTAL METHOD
A precision universal lathe (model C620-3) with stepless variable 
driver was used for longitudinal turning with P10 TiC carbide cutting tool 
(flat rake face). The length of cutting route in the study of the adhering 
layer formation process is 450, 750, 1200 and 1500 m. The measurement 
of the crater depth was taken using a contour detector with precision of 
0.001mm. By means of SEM and EPMA, the appearance of adhering layer 
and the compositions and distributions of adhering layer were analysed.
Machinability of the Ca-S free-cutting stainless steel and the 
corresponding ordinary stainless steel was also studied and compared in 
terms of cutting force, tool life, chip breakability and surface roughness.
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Table 3-4 Machining conditions used in the experiment
Machine tool
Tool Material 
Tool Geometry
Tool hardness 
Depth of cut 
Cutting liquid
Model C 620 - 3 
ISO PIO (TiC Carbide) 
•H)0, o=6°, k=90°, k'=8°, X=0°
HRA 90.5-91.
d=l mm
dry cutting
1) Experiment on cutting force
Fig. 3-4 shows the diagrammatic sketch of the detective system of 
cutting force. YD-15 three-dimensional dynamometer with dynamic strain 
gauge and L23XY functional recording device are used for the detection of 
cutting force.
Fig. 3-4 Detection of cutting force
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2) Measuring mean cutting temperature
4 3
1 Mechanically clamped tool
2 Workpfece
3 Tkil end of principal shaft
4 Wood block of bearing
5 Bearing
6 Mercury trough
7 Copper pin
8 functional recording device
Fig. 3-5 Detection of Average Cutting Temperature
v
w
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Fig. 3-5 is the diagrammatic sketch of the detective system of the 
average cutting temperature in the cutting zone. The workpiece and 
cutting tool are insulated in the detection process.
3) Measurement o f the cutting tool temperature distribution
Artificial thermocouple is used in the detection of cutting tool 
temperature distribution. Fig. 3-6 is the diagram of the cutting tool with a 
small groove for the embedment of artificial thermocouple in the cutting 
tool insert. The groove AB is very small (less than 0.3mm), and the hole B 
on rake face is 0.9mm from cutting edge (tool-chip contact length is 
0.9mm), so its influence on the layer might be small.
Fig.3-6 The small groove for embedment 
of artificial thermocouple
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By means of a line-cutting machine tool, the small groove is cut on 
the carbide tool insert in a special way as shown in Fig. 3-6. The reason for 
cutting the small groove in this special way is for the strength of the insert 
during machining.
outer covering made 
of stainless steel
O 0.25mm
thermocouple filament
Fig. 3-7 Cross section of artificial 
thermal-couple
Fig. 3-7 shows the cross section of the artificial thermocouple cable, 
which has a diameter of the thermal couple cable is <|> 0.25mm. The
diameter of the thermocouple filament is 0.04mm. The Ni-Cr and Ni-Si 
armoured thermal-couple is inserted into the small hole with a diameter of
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<J)0.3mm from point A to point B (in Fig. 3-6), and at point B it is made 
flush with the tool rake face. And it is fixed in the hole AB with the copper 
phosphate and, after dried at 70°C for 2 hours the thermocouple filament 
is adhered and fixed in the hole and ready for use.
The diagram of the monitoring system of cutting tool temperature 
field is shown in Fig.3-8. The artificial thermal couple is connected with the 
functional recording device through the compensative lead.
Under the test condition, it can be measured that the average chip­
tool contact length is 0.9mm. For that reason, the gap between point B (in 
Fig.3-6) and the main cutting edge is first made with a value of 0.9mm. 
After the temperature of this point is measured, the clearance face is 
ground with the aim of reducing the gap between the detection point and 
the main cutting edge. The gap is shortened 0.1mm each time, and the 
adhering layer on the cutting tool rake face is obliterated by a diamond 
brush after each process of cutting temperature detection.
From figure 3-8, it can be seen that, the chip and the thermocouple 
cable end is separated by the adhering layer, so the detected temperatures 
are, as a matter of fact, the temperatures of the layer-cutting tool interface, 
instead of the temperatures of chip-tool interface.
Because the composition of the adhering layer are mainly non­
metallic oxides and sulphides, the heat conductivity is small (about 4.3 
W/m.K ), so the layer-tool interface temperature is lower than chip-layer 
interface temperature.
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Fig. 3-8 Temperature detective system with 
artificial thermal couple
4) Experiment on tool wear progression with adhering layer formed
The appearance of adhering layer and the compositions and 
distributions of adhering layer are analysed by means of SEM and EPMA 
(Electronic Probe Micro-Analysis). The length of cutting route for the study 
of adhering layer formation process is 450, 750, 1200 and 1500m 
respectively.
After a certain cutting length (such as 450, 750, 1200 or 1500m), 
the insert is taken off and is measured with a reading microscope. The
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appearance of the wear land of both rake face and flank face are observed 
and measured. The values of the wear band at different positions and the 
appearance of wear land can be drawn or be taken a photo. Fig. 3-9 shows 
the measurement of flank wear with a reading microscope.
Fig. 3-9 Measurement of flank wear with a reading microscope
As for the detection of rake wear, first the appearance of the rake 
face is observed with the reading microscope as shown in Fig. 3-10
Fig. 3-10 Measurement of the appearance of rake wear with 
a reading microscope
Then the crater depth is measured by means of a contour detector with 
precision of 0.001mm (As shown in Fig. 3-11). In the cross section which is 
0.5 mm to the tool nose, the crater depth is detected as shown in Fig.3-11
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Fig. 3-11 Cutting tool wear measurment of crater depth
A special clamping apparatus is used to fix the cutting tool insert on 
the contour detector for the measurement of tool wear contours during 
different stages of machining. The position of the rake face is made in the 
horizontal plane by the inclined surface of the fixture with the angle of 
inclination which is equal to the rake angle of the cutting tool insert.
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CHAPTER4
INVESTIGATION ON t h e  m a c h in a b il it y
OF Ca-S FREE-CUTTING STAINLESS STEEL
4.1 INTRODUCTION
The concept of machinability is used to describe the degree of 
difficulty for the machining of a certain material. In an other word, 
machinability is a general term used to rate ease of machining a material 
relative to tool life, surface finish produced or specific power consumed.
The concept of machinability is a relative concept. That is to say, 
whether the machinability of a material is good or bad is compared to 
another material. The machinability of the Ca-S free-cutting steel is 
investigated here by comparing with the corresponding ordinary steel.
There are five aspects or indices that describe the machinability of a 
material, which are,
(i) cutting force
(ii) cutting temperature
(iii) tool life
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(iv) chip breakability
(v) machined surface roughness
The three main aspects of machinability are tool life, power 
required to cut and surface finish. The machinability of Ca-S free-cutting 
stainless steel is evaluated (assessed) by comparing with the corresponding 
ordinary stainless steel in the above mentioned five aspects.
4.2 CUTTING FORCE
Obtained from the experimental results, the relation between the 
main cutting force Fz and cutting speed for machining the Ca-S free-cutting
stainless steel and for machining the ordinary free-cutting stainless steel is 
shown in Fig. 4-1.
It can be seen from Fig. 4-1 that the Ca and S elements have direct 
effect on the decrease of cutting force. The 'hump’ (protruding) regions of 
the two curve are different which indicates that the Ca and S inclusions 
added in the free-cutting stainless steel can influence the cutting speed 
region where the built-up-edge is generated.
The cutting forces for machining the Ca-S free-cutting stainless steel 
at different cutting speeds are reduced about 4%~22% as compared with 
that when machining the ordinary stainless steel.
Also, it can be seen from the Fig. 4-2 and Fig. 4-3 that, compared 
with the ordinary stainless steel, the cutting forces of Fx in the direction of
feed and Fy in the direction of cutting depth are also reduced when
machining the Ca-S free-cutting stainless steel. The reduction values of 
cutting forces are different at different cutting speed.
56
M
ai
n 
C
ut
tin
g 
Fo
rc
e 
FZ
(N
)
Chapter 4 INVESTIGATION ON THE MACHIN ABILITY
Fig. 1 Main cutting force-speed curve
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0 100 200
V m/min
Fig. 4-2 Cutting force Fx-cutting speed curve
for machining the Ca-S free-cutting stainless
steel and the ordinary stainless steel
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Fig. 4-3 Cutting force Fy-cutting speed curve
for machining the Ca-S free-cutting stainless
steel and the ordinary stainless steel
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4.3 CUTTING TEMPERATURE
Fig.4-4 Cutting temperature-cutting speed curve
for machining the Ca-S free-cutting stainless
steel and the ordinary stainless steel
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Fig.4-4 shows the cutting temperature-cutting speed curves when 
machining the Ca-S free-cutting stainless steel and ordinary stainless steel. 
The curve is obtained from the experiment using natural thermal couple.
It can be seen from Fig.4-4 that, cutting temperature for machining 
Ca-S free-cutting stainless steel is lower than that for machining the 
ordinary stainless steel. And the cutting temperature for machining Ca-S 
free-cutting stainless steel is reduced by 7.5%~18% as compared with that 
for machining the ordinary stainless steel.
4.4 c m p  BREAKABILITY
After machining the two types of test materials with different 
cutting speed, feed rate and cutting depth, the chip breakability is 
observed and compared when machining the Ca-S free-cutting stainless 
steel and ordinary stainless steel. Fig. 4-5 shows the comparision of chip 
breakability.
As shown in the above figure, the chip's breakable range for 
machining the ordinary stainless steel is narrower than that for machining 
the Ca-S free-cutting stainless steel. Most of the chips for machining the 
ordinary stainless steel are snarled or continued long helical chips. While 
for machining the Ca-S free-cutting stainless steel, most of the chips are C- 
shaped or short helical chips.
In summary, it can be concluded that the chip breakability for
machining Ca-S free-cutting stainless steel is better than that for machining
the ordinary stainless steel.
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ap(mm) Ordinary stainless steel Ca-S free-cutting stainless steel V (m/min)
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Fig.4-5 Comparision of chip breakability for machining 
the two types of steels
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4.5 TOOL WEAR PROGRESSION AND TOOL LIFE
Fig. 4-6 is a diagrammetic sketch of typical cutting tool wear 
pattern.
Fig. 4-6 Typical cutting tool wear pattern 
4.5.1 Tool wear patterns and tool wear progression
Given in Fig. 4-7 is a set of SEM photos which show the appearance 
of cutting tools with an adhering layer formed in the cross sections (0.5mm 
away from tool nose) when machining Ca-S free-cutting stainless steel 
under different cutting regime. From the SEM photos, the patterns of the 
adhering layer formed on rake face can be observed, and the layer 
thickness formed under different cutting speeds and feed rates can be
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measured in SEM. Fig. 4-8 shows the wear contours of the rake face under 
different cutting lengths.
(bl) f=0.195mm/rev, V=300m/min, magnification=81.5 (b2) f=0.195mm/rev, V=300m/min, magni.=1010
(cl)  f=0.3mm/rev, V=300m/min, magnification=81. (c2) f=0.3mm/rev, V=300m/min, magni.=1010
Fig. 4-7 SEM photos of cross section appearances of adhering layer
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20
40
60
Fig. 4-8 Wear contours of the rake face under different cutting lengths 
In the main cross section which is 0.5 mm away from tool nose
f = 0.3mm/iev, V=150m/min and d=l mm
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distance from tool cutting edge (mm )
Fig. 4-9 Wear contours of the rake face under different cutting lengths 
in the main cross section 0.5 mm away from tool nose 
f=0.3 mm/iev, V=300 m/min and d=l mm
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From figure 4-7, figure 4-8 and figure 4-9, it can be seen that there 
are basically two types of tool wear patterns. When f < 0.3mm/rev and 
100 < V < 300m/min, the adhering layer covers the rake face without crater 
wear. The location of adhering layer corresponds to the area where crater 
wear should take place if no adhering layer is formed on it. The cross 
section of adhering layer is an approximate streamline (see Fig.4-7 (a2)). 
When V>300m/min and f >0.3m/rev, crater wear takes place and the 
adhering layer is mainly located in the valley of the crater near tool 
cutting edge (see Fig.4-7 (cl, c2) and Fig. 4-9).
As seen from figure 4-8 and figure 4-9, when the cutting length is 
less than 450m, the layer is just forming and has little protective effect on 
tool. After a cutting length of 750m, the layer gradually becomes thicker 
and has stronger protective effect on rake face, and thus crater wear slow 
down. When the length reaches 1500m, the adhering layer is formed 
stably, and at this time, the wear contour of the rake face is not deeper but 
higher than the contour with the cutting length of 450m. Therefore, it can 
be concluded that when the length of cutting route is short at the begining, 
the amount of inclusion being pressed out is less and the diffusion of the 
inclusion elements to the tool-chip contact area is small. With the increase 
of the cutting length, the extruded inclusions are accumulated on the rake 
face and the extruding effect is getting stronger, therefore the thickness of 
adhering layer and the area of the layer covered region are increased.
When the length of cutting reaches a certain value (1200-1500m for 
the experiment material), the amount of the adhering layer worn away 
from rake face by the chip flowing effect and the amount of layer extruded 
from steel and adhered on rake face tend to be equal. In this stage, the 
adhering layer is relatively stable.
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(a) d=lmm, f=0.3mm/rev, V=200m/min, SL=1500m, 
magnification=50, work material: Ca-S free-cutting stainless steel
(b) d=lmm, f=0.195mm/rev, V=150m/min, SL= 1500m, 
magnification=50, work material: ordinary stainless steel
Fig. 4-10 A comparison of tool flank wear for machining Ca-S 
free-cutting stainless steel and ordinary stainless steel
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Fig. 4-10 shows the tool flank wear appearance after machining the 
two different kinds of stainless steels. It can be seen that tool flank wear is 
very severe within a short time when machining the ordinary stainless 
steel, while for the free-cutting stainless steel, the tool wear is much 
reduced even the feed rate and cutting speed used for machining is much 
bigger than that for machining the ordinary stainless steel (According to 
the metal cutting theory, the cutting temperature and tool wear are bigger 
when the feed and cutting speed increase).
Fig. 4-11 The cutting tool flank wear VB curve when machining the free-cutting 
stainless steel and ordinary stainless steel ( V=200 m/min, f=0.195 mm/rev, 
d=l mm)
69
Chapter 4 INVESTIGATION ON THE MACHINABIUTY
As discussed previously for the flank wear of cutting tool, the 
experimental investigation on the cutting tool wear progression also shows 
that, when machining the Ca-S free-cutting stainless steel, the flank wear 
(VB) is serious and fast at the begining, but with the increase of cutting 
length, flank wear rate slows down (can be seen from figure 4-11). By SEM 
analysis, it is found that a small and thin adhering layer is formed on flank 
face near tool nose (as will be discussed in detail in chapter 5 on the 
formation of adhering layer), and it performs a protective effect on flank 
face.
4.5.2 Tool life comparison for machining free-cutting and ordinary 
stainless steel.
Fig. 4-12 shows the comparison curve of the cutting tool life when 
machining the two types of stainless steel, as can be seen in this figure, the 
cutting tool life for machining the Ca-S free-cutting stainless steel is 
significantly prolonged. For example, at the cutting speed V=200m/min, 
the tool life for machining Ca-S free-cutting stainless steel is about 3.2 
times as compared with that for ordinary stainless steel. This indicates that 
there is a direct relation between the tool life and the existence of the 
adhering layer.
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Fig. 4-12 Tool life-cutting speed curve when machining 
the two type of stainless steel
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4.5.3 Influence of the adhering layer on tool wear
The wear characteristics of the cutting tool with adhering layer 
formed is different from that without adhering layer formed.
Chip Chiptlow
Cr Ni Fe C
\ . L L|I I I X
TiC WC Co
Tool
chip-tool contact 
interface
( a ) without adhering layen 
dynamical diffusion
( b ) with adhering layer: 
quasi-static diffusion
Fig. 4-13 Diffusion models when machining the 
ordinary and free-cutting stainless steels
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Fig. 4-13 shows the diffusion models developed to explain the 
difference in the degree of cutting tool wear when machining the ordinary 
stainless steel and Ca-S free-cutting stainless steels. The adhering layer 
improves the tool life at least in the following ways.
(a) After the adhering layer is formed on the rake face, the tool and chip 
does not directly contact in the region where the layer is formed, 
therefore the abrasive wear is reduced.
(b) Because the inclusions which form the layer have a good wetting and 
adhering ability with TiC carbide tool, the chip and the cutting tool do 
not adhere easily and thus the adhesive wear is reduced.
(c) The diffusion of tool-chip is a dynamic process when no adhering layer 
is formed. But with the relative stable layer formed, tool-chip diffusion 
becomes quasi-static. Also the low heat conductivity of the adhering 
layer makes the temperature of layer-tool interface lower than that of 
chip-layer interface. There is no doubt that the diffusion wear of 
cutting tool at low temperature is less than that at high temperature. 
Therefore the diffusive wear of the cutting tool is significantly 
decreased when there is an adhering layer formed.
73
Chapter 4 INVESTIGATION ON THE MACHINABILITY
4.6 ANALYSIS ON THE FREE-CUTTING MECHANISM OF Ca-S FREE- 
CUTTING STAINLESS STEEL
The reasons for the improved machinability is analysed as follows.
4.6.1 The effect of the sulphide
During the transformation process, the streak shaped inclusion MnS 
in the cutting zone can be elongated from round or short strip shape to 
the long strip shape in a certain direction. In the first deformation zone, 
MnS is elongated along the shear plane direction, thus decreasing the 
actual anti-shearing area and reducing the sliding contact area between 
different layers of metal. The tool-chip contact length is also reduced. As a 
matter of fact, MnS can be regarded as the microcrack in the steel which 
could increase the chip breakability during machining.
4.6.2 The influence of calcium compound oxide
The combined effect of insignificant deformation of round shape Ca 
compound oxides and significant deformation of chip in shearing plane 
results in the microcrack around the Ca inclusions. The decrease of actual 
anti-shearing area and the stress concentration effect also contribute to the 
decrease of cutting force. Research works [R. Kessling, 1989] on abrasive
wear also indicate that the hardness of Ca compound oxide inclusion in the 
calcium- sulphur free-cutting steel is lower than that of A120 3 inclusion in
ordinary stainless steel, thus the abrasive wear can be reduced.
In addition to the above reasons, there is no doubt that one of the 
most important reasons for the decreased tool wear is the formation of 
adhering layer on tool rake face and flank face (as will be discussed in 
chapter 5).
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CHAPTER 5
FORMATION OF ADHERING LAYER
5.1 INTRODUCTION
T w o type o f  free-cu ttin g  stee ls  can be c la ss ified  according to the 
d ifferen ce in the w ays to produce the free-cutting steels. One type o f  the 
free-cu ttin g  stee l is  m ade by adding som e free-cu ttin g  elem en ts in order 
to in c rea se  the m a ch in a b ility . H o w ev er , as a resu lt, the m ech a n ica l 
properties o f the steel are reduced.
D ifferen t from  the above m ethod, in the 60s, German sc ien tist H. 
O pitz3 studied  a new  m ethod to m ake free-cutting steel using d eox id isin g  
agen t to adjust the ca lc iu m  o x id e s . T his typ e o f  free-cu ttin g  s te e l  
p o s s e s s e s  n o t o n ly  g o o d  m a ch in a b ility  but a lso  g o o d  m ech a n ica l 
properties.
B a sed  on the research  resu lts  d escr ib ed  in th is th es is , it is  
c o n c lu d e d  th at, th e m o st im p ortan t fr e e -c u tt in g  m ech a n ism  o f  the  
c a lc iu m  and ca lc iu m -su lp h u r  fr ee -cu ttin g  s te e ls  is  that an adhering  
layer is form ed on cu tting to o l surface during m achin ing. The adhering  
layer can protect the to o l from  d iffu sio n  wear and abrasive wear, and 
can therefore prolong the tool life.
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Although many investigation have been done on the adhering layer 
since it was first discovered by H. Opitz in 1962, there are still some 
problems as listed below.
1) The research work had been carried out basically on the adhering layer 
which is formed during machining the free-cutting structural steel. 
Investigation had seldom been done on the formation of adhering layer 
when machining the free-cutting stainless steel.
2) The overall formation mechanism of the adhering layer is still not fully 
understood, and little work had been done on the investigation of the 
tool wear characteristics and tool wear progression with adhering layer 
formed.
The content of this chapter is mainly on the investigation of 
adhering layer's appearance, its compositions and distribution. 
Investigation is also made on the relation between the inclusion 
compositions in the free-cutting steel and the compositions of the layer on 
cutting tool surface, and the relation of layer thickness with the cutting 
regime. The optimum composition proportion of inclusions in the calcium- 
sulphur free-cutting stainless steel is analysed. Based on these work, as well 
as the finite element analysis in the next chapter, the foundation of the 
theoretical model of the adhering layer formation will be developed.
The aim of the research work is to optimise the cutting conditions 
for the favourable formation of ideal adhering layer, so that the machining 
process could be optimised and tool life could be prolonged.
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5.2 APPEARANCE OF ADHERING LAYER
The experiment indicates that, with commonly used cutting depth, 
feed rate f and cutting speed V> 1.6m/s, the adhering layer can be formed 
on the rake face during the process of machining.
(al) f=0.195mm/r, V=150m/min, magnific.ation=50
(bl) f=0.3mm/r, V=150m/niin, magnification=50
(cl) f=0.3mm/r, V=200m/min, magnification=50
Fig. 5-1 SEM photos of the rake
(a2) f=(). 195mm/r, V= 130m/min, magnification=800
(b2)f=0.3mm/r, V=150m/min, magnification=800
(c2) f=0.3mm/r, V=200m/min, magnification=800
face appearances of adhering layer
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Fig 5-1 is the Scanning Electronic Microscope photos of P10 TiC 
carbide cutting tool’s rake face with adhering layer formed.
A
B
Fig. 5-2 SEM photo of adhering layer appearance when V=300m/min, 
f=0.14mm/rev, d=lmm, magnification=203.
Fig. 5-3 A close up view of adhering layer, magnification=810
It can be seen from the SEM photos of rake face with adhering layer 
formed (Fig. 5-2) that the appearance of adhering layer has the following 
features:
1) Many fine and close streaks exist on the surface of the layer, and the 
direction of the streaks is same as the chip flowing.
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2) The colour of adhering layer is golden.
3) The adhering layer does not cover the tool-chip contact region 
completely on rake face. The layer begins to form at a little distance 
away from the major cutting edge, then it extends along the direction of 
chip flow to the tool-chip separating end of the contact region. The 
covering area of the layer varies according to the cutting conditions. 
The detailed adhering layer distribution and composition will be 
discussed in section 5.5.
4) The thickness of the layer is uneven. Some naked part exist in the 
covered area. The effective covering area is thus less than the whole 
nominal covering area.
Fig.5-4 show the appearance of cutting tool rake face after 
machining ordinary stainless steel, it can be seen from the figure that there 
is no above mentioned appearance of the adhering layer on cutting tool 
rake face as in Fig. 5-3, only some work material is found to have been 
bonded on it.
(a) f=0.195mm/r, V=150m/min, magnification=50 (b) f=0.195mm/r, V=150m/min, magnification=800
Fig. 5-4 Appearance of cutting tool rake face after machining the 
ordinary stainless steel
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From Fig. 5-4, it can be seen that chips bond to the tool's rake face 
and remove some tool material, so the wear on tool edge and tool rake face 
is serious even when the cutting length is short.
Fig 5-5 is the Scanning Electron Microscope photos of the cutting 
tool flank wear after machining the free-cutting stainless steel. The cutting 
depth is d=lmm, and the total cutting length is 1500m.
a)f=0.3mm/r, V=200m/min, magnification=50 (b) f=0.3mm/r, V=200m/min. magnification=156
Fig 5-5 Cutting tool flank wear appearance obtained from SEM photos
For machining the Ca-S free-cutting stainless steel, when the 
adhering layer is formed on the rake face, only a thin adhering layer with 
small area is formed on flank face near the tool nose (will be discussed in 
more detail in section 5.5 based on the SEM analysis), and the protective 
effect of adhering layer on flank face is less than that on rake face.
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5.3 BEJ?OBVIATION BEHAVIOUR AND EXTRUDING PROCESS OF 
INCLUSIONS IN THE Ca-S FREE-CUTTING STAINLESS STEEL
Although the weight percentage of the inclusions in the Ca-S free- 
cutting stainless steel is small, the amount of inclusions is large (detected 
by automatic image analysing device, there can be about 800~1000 
inclusion units in every square millimetre). Therefore during the process 
of machining, a large number of inclusion units may pass through the 
cutting edge with more chances to be extruded out.
There may be two parts of inclusions that can be extruded from the 
steel and coated on cutting tool surface. One is the inclusions on the 
cutting line (see Fig. 5-6), and another is those above and near the cutting 
line (see Fig. 5-7).
Under the effect of high cutting temperature (up to 1100~1400°C 
based on experiment results) and high compressive stress, the inclusions in 
the steel in cutting zone become soft and are in a plastic state, thus the 
inclusion unit, taking one inclusion unit for example (see Fig. 5-6(a)), 
begins to deform and microcrack is generated approximately along the 
shear direction (Fig. 5-6(b)). As the inclusion unit gradually approaches 
the cutting edge, it undergoes the plastic deformation in further step, then 
the inclusion unit is divided into two parts (as shown in Fig. 5-6(c)). One 
part in the chip will flow along the rake face, fraction of which is extruded 
and coated on the tool rake face when the chip slides along the rake face; 
the other part which is under the cutting line will pass below the cutting 
edge and form the machined surface. Due to the severe tool-chip friction 
and pressure, the inclusions will deform and soften in a further step, both 
the two separated parts of the inclusion unit will be extruded and coated 
on
82
cutting direction V cutting direction V cutting direction V cutting direction V
( a ) (b ) (c ) ( d )
00u>
Fig. 5-6 Extruding and coating process of inclusion on tool face: inclusion on the cutting line
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Fig. 5-7 Extruding and coating process of inclusion on tool face:
inclusion above the cutting line
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the cutting tool's rake face and flank face near tool nose separately (Fig. 5- 
6(d)).
Fig. 5-7 shows the inclusion unit in the region near and above the 
cutting line. The microcrack which is generated during deformation 
process, ie, during the machining process, may extend to the tool rake face, 
and a fraction of the inclusion can be extruded and coated on tool rake 
face.
In summary, the inclusions in the steel can be extruded and coated 
on tool face under proper temperature and pressure conditions. The 
extruded inclusions in the calcium-sulphur free-cutting stainless steel can 
be adhered on tool surface because of its good wetting and adhering ability 
with TiC carbide tool. The heat conductivity of the adhering layer is low, 
which reduces the temperature between the tool and the layer, therefore 
the plasticity of the layer base decreases and the hardness increases. The 
resulting adhering layer is relatively harder and can be coated on tool face 
in solid state, and is not easy to be taken away by chip flow. At the same 
time, the temperature between the chip and the layer is high enough such 
that the inclusions in the chip near the chip-layer interface are still in 
viscous and soft state, and can be continuously extruded and coated on the 
older layer previously formed on the rake face. When the amount of newly 
formed layer and that of the layer taken away by chip flow tend to be 
equal, the adhering layer is in a relative stable state.
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5.4 RELATIONS OF ADHERING LAYER FORMATION WITH CUTT­
ING LENGTH AND MEAN CUTTING TEMPERATURE
5.4.1 Relation of adhering layer formation and cutting length
For machining the Ca-S free-cutting stainless steel, Fig. 5-8 shows the 
cutting tool rake wear value (KT) at different cutting length, under the 
conditions of cutting depth of d=lmm, feed rate of f=0 .3 mm/rev and 
cutting speed of V=1.6, 2.5, 3.3 and 5m/s respectively. The measuring 
point is 0.5mm to the tool nose in the direction parallel to the major 
cutting edge and 0.3 mm away from the major cutting edge.
Fig. 5-8 relation between crater wear KT and length of cutting 
when machining Ca-S free-cutting stainless steel
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From the above figure, the following conclusions can be made:
1) The KT value, in fact, comprehensively reflects the real wearing depth 
and layer thickness. When the cutting length is less than 450m, the KT 
increase fast, which shows that, the adhering layer is just beginning to 
form and has little protective effect on tool, thus rake wear is fast in 
this period. When the cutting length reaches 1200-1500m, the KT value 
tends to be stable, which indicates that the layer is formed in a 
relatively stable state or fully established.
2) At the cutting speed of 300m/s, the KT curve in Fig.2 fluctuates after a 
certain cutting length. This is caused by high cutting speed (hence high 
cutting temperature), and the adhering layer is in a relatively softer 
state, and can easy be removed by chips, which resulted in the 
fluctuation of the layer thickness.
5.4.2 Relation between composition of adhering layer and cutting 
temperature when machining the Ca-S free-cutting stainless steel
Figure 5-9 shows the relation between average cutting temperature 
and the main composition proportions of the adhering layer compositions 
after a cutting length of 1500m. The cutting temperature at which there 
will be largest proportion of main compositions is about 950~ 1050^0, It 
can be considered as the best average temperature of cutting zone 
favourable for the formation of adhering layer when machining the 
calcium-sulphur free-cutting stainless steel.
87
Chapter5 FORMATION OF ADHERING LAYER
800 900 1000 1100 1200 1300
T(°C)
Fig. 5-9 Relation between average cutting temperature and 
proportion of adhering layer compositions
The reason for that is , the CaO -  A120 3 -  Si02 in the layer belong to 
silicate which exists as hard brittle glass material when the temperature is 
below 700° C, and begins to change from brittle state to plastic state in the 
range of 700 ~ 900° C.  When the temperature is over 900° C, it is basically 
in plastic state, which is favourable for the formation of the adhering layer.
From the experiment on the melting point of imitating oxide 
inclusion (similar to silicate), it is known that the initial melting point is 
1292° C, and the complete melting point is 1325°C. If the cutting
88
Chapters FORMATION OF ADHERING LAYER
temperature increases further to the melting point of the silicate, the 
fluidity of the extruded inclusion would be big, and it would become very 
easy for the extruded inclusion to be taken away by chip flow.
5.5 CipiVJJPAL COMPOSITIONS AND THE DISTRIBUTION OF 
AOtJpftJ^G LAYER FORMED ON CUTTING TOOL SURFACE WHEN 
MACHINING Ca-S FREE-CUTTING STAINLESS STEEL
5.5.1 The chemical composition and distribution of adhering layer on 
cutting tool surface
To elucidate the relation between the compositions of the adhering 
layer and the inclusions in the free-cutting steel, five different points (as 
shown in the SEM photograph in Fig. 5-2 ) are detected by electronic probe 
microanalysis (EPMA), in relative thicker area of the layer.
The results for the chemical compositions (weight percentage) of the 
five points are listed in the table below (Table 5-1).
Table 5-1 Compositions of the adhering layer, wt%
Point S i02 A1203 CaO MgO MnO
1 46.49 33.85 14.49 3.28 1.84
2 36.61 30.69 25.68 5.06 1.78
3 43.78 20.22 29.63 3.78 2.58
4 58.59 17.86 15.74 5.46 2.33
5 54.44 27.56 11.73 3.68 2.60
According to the compositions of the inclusions in the free-cutting 
steel and the compositions of the adhering layer at the five points, the 
positions of the compositions are located in the ternary phase diagram as
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shown in Fig. 5-10. The following points can be seen from Table 5-1 and 
Fig. 5-10.
Si02
O Inclusion #  layer
Fig.5-10 The locations of adhering layer compositions and steel 
inclusions in ternary phase diagram
(a) The compositions of adhering layer are mainly CaO, MgO, MnO, A120 3 
and Si02. The CaO, MgO and MnO in the composition can be regarded
as a solid solution phase, thus the adhering layer is composed by (CaO, 
MgO, MnO)-Al20 3-Si0 2 and some other oxides. And they basically
belong to compound ternary oxide series.
(b) According to the proportion of different phase, each point can be 
located in the compound ternary phase diagram as in Fig 5-10. The 
location of each point corresponds basically to the scope of anorthite 
and gehlenite in ternary phase diagram of CaO-Al20 3-Si02.
(c) Although different points of adhering layer have different 
compositions, the locations of these points are associated with those of
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inclusions of the free-cutting steel in the ternary phase diagram. 
Therefore it can be regarded that the adhering layer is mainly formed 
from the compound oxide inclusions in the free-cutting steel. In
addition, the experiment results also show that if the inclusions 
proportion is controlled to (CaO, MgO, MnO): A120 3 :Si02 =(0.29~0.35)
:(0.2~0.4):(0.3~0.47), it will be favourable for the stable formation of 
the adhering layer.
5.5.2 Distribution of adhering layer on cutting tool surface
It is known that the adhering layer formed on the tool face during 
machining of free-cutting steel can prevent or reduce the crater wear. The 
protective effect of the adhering layer is directly related to its distribution 
on the rake face. The distribution patterns of the adhering layer on the 
rake face and on the clearance face (flank face) are studied. For the layer 
distribution pattern on rake face, line scanning along the direction of chip 
flow (see Fig.5-2, line AB, 0.5mm from tool nose) and surface scanning on 
adhering layer are made by means of EPMA. The results (as shown in Fig. 
5-11) are analysed as follows
(a) Measured from SEM photos of tool rake faces, the tool-chip contacting 
length is about 0.9~lmm. Based on Fig 5-11, it can be seen that from 
tool cutting edge to the position where its distance to tool edge 
x=0.1mm, the relative intensity of each chemical element in adhering 
layer is almost zero (except Mn); and beyond the range of x>0.5mm, the 
relative intensity of each element is also near zero (except S). It can be 
concluded that the main covering range is between x=0.1~0.5mm, in 
another word, the width of the adhering layer is about 0.4mm which 
takes about 40~44 percent of tool-chip contact range.
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Fig. 5-11 Distributions of chemical elements on rake face 
through line scanning
(b) Ca, Al, Mg, O are distributed fully in the whole covering range, and 
their distribution curves appear to be very similar. Therefore, the 
distribution patterns of CaO, MgO, A120 3 along the whole width of
adhering layer are similar.
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(c) Si is distributed in the range of 0.25 to 0.5mm which shows that the 
Si02 in the adhering layer is distributed relatively far from the tool 
edge.
(d) The distribution of Mn begins from the tool edge and decreases sharply 
at the position x=0.3mm from the tool edge and then gradually reduces 
to zero. On the contrary, the distribution of S begins at the position of 
x=0.3mm from the tool edge and continues beyond the width of the 
adhering layer. Thus, it is known that MnO is distributed between the 
area from the tool edge to the position x=0.3mm. MnS is distributed 
beyond the position x=0.25 mm from the tool edge. The density of S is 
relatively high at the boundary where the layer will disappear, which 
shows that there exist other sulphides like FeS, CaS, etc.
It can be reasoned from such distribution patterns, at the place where 
crater wear usually takes place, the cutting temperature at the tool-chip 
interface is highest and can reach above 1000° C. At this temperature, 
the inclusions (CaO, MgO, MnO)-A120 3-Si02 are in soft or near melting
state and can easily be extruded and coated on the rake face to form 
the adhering layer. For the low melting point of MnS and its low anti­
shearing strength at high temperature, it can easily be taken away by 
chip flow. Therefore MnS is piled up on the area where the chip will be 
separate from the cutting tool.
(e) The layer distribution that is parallel to the tool cutting edge can be 
analysed by surface scanning. The result is shown in Fig. 5-12. The
distribution of CaO is relatively uniform in the whole area of the layer. 
A120 3 and MnO have greater intensity near the tool nose. There exist
MnO and Ti02 on the rake face relatively far from tool nose. MnS
concentrates more in the rake face area where the chip will separate
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from the tool. There exist also Fe, Cr, Ni and some other work material 
elements on the layer surface.
Fig.5-12 Distributions of chemical elements on rake face
Fig. 5-13 is the scanning electron microscope photo of the flank 
wear. As discussed in chapter 4, compared with machining the ordinary 
stainless steel, the cutting tool flank wear is smaller when machining the 
free-cutting stainless steel.
In order to find the reason of the reduced tool wear, the 
compositions of the flank face in the wear band is detected (as will be 
discussed from table 5 -2 ) to see if there is an adhering layer formed on it. 
Based on SEM and EDAX analysis, only a thin and small adhering layer is 
formed on the flank face near tool nose, and the protective effect of the 
adhering layer on flank face is less than that on the rake face. The 
protective effect of the adhering layer on flank face is less than that on the 
rake face.
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Fig. 5-13 SEM photo of cutting tool flank wear after machining the free 
cutting stainless steel. f=0.14mm/r, V=300m/min, d=lmm,
magnification=203
Fig. 5-14 shows three areas of the wearing band on the flank face of 
the cutting tool. Section C shows the tool nose wear. Section N shows the 
boundary wear where the cutting tool edge contacts the outer surface of 
the workpiece, and hence the wear is serious due to the higher speed and 
the work-hardening of the work outer surface. Section B is between the 
section C and section N.
I II III
Fig.5-14 Flank face of cutting tool and three areas 
in which compositions are detected
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The compositions through detection by SEM in the wearing band 
can be known as listed in Table 5-2.
Table 5-2 Compositions in the wearing band of cutting tool, wt%
Areas
Layer compositions 
Ca, Al, Si, Mn, S
Tool elements 
W, Ti, Co
Work Material base 
Fe, Cr, Ni
I 23.8 72.4 3.8
n 6.9 83.9 9.2
in 1.8 23.4 74.8
It can be analysed from the above experimental result that, the 
adhering layer protects the cutting tool mainly by preventing or reducing 
the crater wear, and therefore maintaining the cutting edge in sufficient 
strength to prolong the tool life.
5.6 RELATJpN BETWEEN THICKNESS OF ADHERING LAYER AND 
CUTTING CONDITIONS
From the previous analysis on the cutting tool rake wear and flank 
wear, it can be known that the protective effect of adhering layer is 
directly related to the cutting speed and feed.
The greater the composition proportion of inclusions on the wearing 
land of rake face, the thicker the adhering layer will be, and thus the 
stronger the protective effect of adhering layer will be.
It can be seen from Fig. 5-15, when feed rate is 0.3mm/rev, the 
EPMA analysis shows the following results:
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1) When V=100m/min, the main compositions of adhering layer, such as 
(Ca, Al, Si, S, Mn), take up 24% of the wearing land and rake face. The 
compositions of the carbide cutting tool (W, Ti, Co) take up 71% of the 
wearing land on rake face, there also exist some composition elements 
of the machined workpiece.
2) When V=150m/min, the main compositions that forms the adhering 
layer take up 86% of the wearing land on the rake face, the 
compositions of the carbide cutting tool take up 2%.
3) When V=200m/min, the main compositions that form the adhering 
layer take up 88%, and the compositions of the carbide cutting tool take 
up 2%.
4) When V=300m/min the main compositions of adhering layer take up 
63% of the wearing land and rake face.
So it can be summarised that, when cutting speed is less than 
200m/min, the main compositions of the adhering layer increase as the 
cutting speed increase, and reaches the maximum value at the cutting 
speed of V=200m/min. At cutting speed over 200m/min, the main 
compositions of the adhering layer on the rake face began to decrease.
It can also be seen from Fig.5-15 that when the feed rate is 
f=0.195mm/rev, the EPMA analysis show similar results as above. The main 
composition proportion of the adhering layer on the wearing land of the 
rake face, hence the layer thickness increase as the cutting speed increases. 
The layer composition proportions take up from 10% to 82% of the wearing 
land on the rake face which corresponds to different cutting speed. If the 
cutting speed increases, the layer thickness may increase further. But it can 
be reasoned from an analogy that the cutting temperature increases with
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the cutting speed. And the fluidity of the inclusion will also increase at the 
higher temperature and therefore the adhering layer will be formed in a 
softer state and is more likely to be worn away by the chip flow. So the 
layer thickness may decrease [M. Hiao (1975)6].
Fig. 5-15 Relation of main composition proportion of adhering layer
with cutting speed and feed
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100 200 300
V  (m/min)
Fig. 5-16 Relation of adhering layer thickness with 
cutting speed and feed
Fig. 5-16 shows the relation of layer thickness with cutting speed 
and feed. The layer thickness is measured from the cross section which is 
0.5 mm to tool nose after cutting length of 1500m. The following points 
can be summarised from Fig. 5-16.
(a) At the cutting speed of 100~300m/min, the adhering layer is formed 
with the thickness in the range of 1.6~18 fim.
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(b) For a fixed feed, the layer thickness increases with the increase of 
cutting speed. This is because the increased cutting temperature makes 
the inclusions in the steel become softer, thus easier to be extruded 
and coated on the rake face. However, if the cutting speed exceeds the 
experiment extent (V>300 m/min), the cutting temperature increase 
further more, near the melting point of the silicate inclusion, its 
fluidity will increase, and it will be easier for the layer to be worn 
away by chip, hence the layer thickness might reduce.
(c) Under the same cutting speed, the layer thickness increases with the 
feed. The reason for this is when the feed increases, the temperature 
increases and thus results in the same effect as that for the increased 
cutting speed. On the other hand, when feed increases, the pressure 
(cutting force) increases and thus makes the extruding effect relatively 
stronger.
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6.1 INTRODUCTION
As shown in previous chapters, one of the main free-cutting 
mechanism is the formation of a proper adhering layer on the cutting tool 
surface, because the layer can reduce the diffusion wear and abrasive wear 
of the cutting tool and thus prolongs the tool life. Among the many factors 
that influence the formation of an adhering layer on the tool surface for 
machining the free-cutting stainless steel, the cutting temperature 
distribution on the rake face and the cutting tool temperature field are 
most important.
Finite element modelling is to be used in this chapter to analyse the 
cutting tool temperature field in machining the free-cutting stainless steel. 
The main aim is to study the relation between the cutting tool temperature 
field and the formation mechanism of adhering layer on cutting tool 
surface.
To our knowledge, few investigations had been done on the tool­
chip cutting temperature distribution when an adhering layer is formed on
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the rake face. The use of the finite element method for the calculation of 
cutting temperature distributions was first described in 1974 by A. 0. Tay, 
M.G. Stevenson, et al. [(1974)87~89], and the theoretical model they set up 
is the one without adhering layer formed, and thus it might be not suitable 
for the practical situation with the adhering layer formed. Some 
theoretical analysis using finite element method have also been 
reported 87~89> 91~97. In these analysis, some assumptions and simplification 
are applied, and these methods depended on the experimental data such 
as strain-rate distribution, shear angle and cutting force as the input data 
to calculate the cutting temperature field.
In this thesis, the author investigates the cutting temperature and its 
distribution at the tool-chip interface with experimental method 
(thermocouple method), then the experimental results, ie, the detected 
tool-chip temperature distributions are then taken as boundary conditions 
to study the cutting tool temperature field. Through the investigation, the 
formation mechanism of adhering layer can be further understood .
6.2 CALCULATION OF CHIP-LAYER TEMPERATURE 
DISTRIBUTION WITH ADHERING LAYER FORMED
The temperature distribution at the layer-tool interface is measured 
by experimental method, but the chip-layer temperature distribution is 
unknown. In order to make a theoretical study on the formation of 
adhering layer, the chip-layer interface temperature distribution is 
calculated below according to the approximate method introduced by S. S. 
Silin’s theory[(1979)73]. The calculated results can also be used to compare 
with the layer-tool temperature distribution obtained from experimental 
method.
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Table 6-1. Parameters for calculating chip-layer temperature distribution
workpiece material: density77: p=8080 kg/m^
specific heat:77c= 527 .5  J /(kg.°C ) 
volu m e specific h ea t cp=4.26*10^ J / ( m 3.°C) 
coeffic ien t o f  therm al conductiv ity77: k =17.38 J /(m s°C ) 
coeffic ien t o f  tem perature conductivity: a=X/cp=4.08*10_6m  2/ s  
therm al con d u ctiv ity  o f  adhering layer is taken 73as: Xl =4.3 J /(m .s  °C) 
cutting  regim e: ap =1.5m m , f=0.3m m  /  r, v = 2 .5 m /s , 
cutting tool geom etry: kj. =90°, 1^=8°,
rake angle: y=6° 
clearance angle: a  =6° 
detected  cutting force : Fz = 6 6 0 .7 N
F = 3 2 0 .3 N
X
F = 1 4 7 .9 Ny
6.2.1 Friction force on the rake face
For the purpose of calculating the shear stress and hence to 
calculate the temperature generated from plastic deformation of shear 
plane, the friction force Ff of chip tool is calculated as below:
Fxy = 4F*2 + Fy2
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co = arcsin xy
Ff = Frsm(co + 7 0) =418.7N
N -N
Fig. 6-1 Diagrammatic sketch of cutting force on cutting tool
6.2.2 Distribution of tool-chip interface shearing stress
The tool-chip contacting part near tool cutting edge corresponding to 
the length 1G is the sticking contact region, where the shearing stress is 
equal to the shearing stress xs of the workpiece. The remaining tool-chip 
contact region is the sliding contact region, and the shearing stress 
distribution varies linearly between xs and zero (as shown in Fig. 6-2).
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Fig.6-2 Stress distribution influencing friction 
on tool rake face [After M. C. Shaw (1984)2]
The tool-chip contact length can be obtained from the microscope
observation, with the approximate value of 7=0.9mm, and usually the 
sticking contact length is 70 =-7. Therefore,
F f  — /Tslaw +  Ts (l Iq )cLw
-  ^  TslOyj
4 F
*s = f3/ *
4x418.7
3 x 0 .9 x l0 -3 x l.5 x l0 ' 3
=413.65 xlO 6  N/m2
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The chip-layer temperature distribution influences the formation of 
adhering layer. So it is calculated below according to S. S. Silin's theory 
[1979]. The heat generated in shear plane during machining is
Qab ~
ac aw-cpeA
Where: 0A is the highest temperature generated from plastic
deformation of shear plane.
2  e x  2
erf(x) = —f= e~x dx is the probability function 
Vtt Jo
P B
when PeB >20,
On the other hand, the mechanical energy from the plastic 
deformation near the shear plane is
EAB = F,-cos<j)-V
_  ac aw . co s Q. y
sm</>
Therefore
Q a b  ~  E  a b
P 'B0A — = 259°C
A cpB V 4
(where P =-^-=183.8, detected average shear angle =25.2°, B=tan<(>=0.47)
a
The temperature generated from friction of chip and rake face is 
expressed by 6t
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0  Z x< l,t
II £ o b
\
X > L
J 1
where &M is the highest temperature generated from chip-tool 
friction, and
' =0 9675^ S V ^ .  | cos y0 + sin Yo -  ¿(cos y„ -  sin y„)
M cp y cos y0 + Bs in y0
According to metal cutting theory (M. C. Shaw, (1984)2), 
when v=2.5m/s, take R2=0 .82.
Let:
V„ = 8U I 8a
_0.9675/^2fc^" I cos Yg + sin y„ -  f?(cos y(l -  sin y0) 
e r fJ L E  V cos /o + 8 sin y0
Vm-3.78
The general cutting temperature distribution 0(x) is the summation of 0A 
and dt, that is
e(x)=eAa+WmM )
V Vi
0 ( x ) = e An + v m (— )06i
X
0 < x< lft
X > l f t
The temperature distribution at different points can be calculated 
according to the above equation.
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8 ( x  = 0 ) = 259 
0(x = O.l) = 721 ° C  
6 ( x  =  0 .2 )  =  912° C  
6 ( x  = 0.3) =1058 °C 
0(x = 0.4) =1182 °C 
0(x = O.5)=1178°C 
0(* = 0.6) = 1083 °C 
0(x = 0.7) = 1010 °C 
0(x = O.8)=952°C 
0(;t = O.9)=9O5°C
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According to the calculated result, the chip-layer interface 
temperature distribution is drawn as shown in Fig. 6-3. It will be shown in 
next section (section 6.3) that the chip-layer temperature distribution has 
similar shape but with higher values than the measured layer-tool 
interface temperature distribution.
6.3 TEMPERATURE DISTRIBUTION OF LAYER-TOOL INTERFACE 
OBTAINED BY EXPERIMENTAL METHOD
Shown in Fig. 6-4 are the layer-tool contact surface temperature 
distributions obtained from thermal-couple detection under different 
cutting length (experimental method is introduced in chapter 3). It is 
observed that, when cutting length is less than 0.1 km, the detected 
temperatures at different points fluctuate due to heat shock, and also 
because the cutting time is too short, the layer is just beginning to form on 
tool face and is unstable. After a cutting length of 1.5km, the layer 
formation is stable.
The measured temperature distribution at the layer-tool interface 
(Fig. 6-4) has a similar shape to the calculated temperature distribution at 
the chip-layer interface (see Fig. 6-3). It can be seen that the temperature 
at the tool-layer interface is lower than that at the chip-layer interface due 
to the low heat conductivity of the adhering layer. When the cutting 
lengths is longer, the measured temperatures distribution is lower in the 
region x=0.1~0.5mm (x is the distance to the main cutting edge) which 
indicates that the layer is mainly formed in that region. Compare Fig. 6-4 
with Fig. 5-11, it can be seen that this region exactly corresponds to the 
layer's main covering region.
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Fig. 6-4 Cutting tool temperature distribution along chip flow
6.4 APPLICATION OF FINITE ELEMENT METHOD TO DETERMINE 
CUTTING TEMPERATURE FIELD
Numerical methods are widely used in modem day engineering. 
The finite element method can be used to solve almost any engineering
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problem for which a differential equation can be written. The major 
disadvantage is that it can be complex.
There are two ways to obtain mathematical solutions for heat 
transfer during the machining process, they are analytical and numerical 
methods. Analytical solutions involve the exact mathematical solution of 
the heat transfer equations; while numerical solutions involve the 
approximate mathematical solution of these equations. However, models 
often involve the solution of partial differential equations with derivative 
boundary conditions. In these circumstances in order to make use of 
analytical means of solution, the mathematics would have to be so 
simplified that the solutions obtained could incur large error. So it is 
proposed that the finite element method is used here.
The machining process involves many dependent parameters and 
each parameter affects the other. Therefore to produce an analytical 
relation between different parameters is extremely difficult, and it could 
lead to the formation of a system of simultaneous equations. Benefits 
resulted from using the finite element method in machining might be in 
the following aspects.
1) Better design of cutting tool. Knowledge of cutting tool temperature 
distribution can be utilised to determine optimum tool geometry and 
tool design.
2) Optimisation of cutting conditions. Optimum cutting parameters can be 
predicted or compared.
3) Formation mechanism of adhering layer. The formation of adhering 
layer has significant implications on the machining process. An
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investigation of the cutting parameter is important to study the 
adhering layer's formation mechanism.
4) Study on the cutting tool life. An understanding of cutting tool 
temperature field during machining of the free-cutting stainless steel 
may allow us to study not only the formation of the adhering layer, but 
also the tool wear mechanism such as the abrasive wear, diffusion wear 
and other types of wear, which are directly related with cutting tool life.
Computer software packages have therefore been constructed 
specifically for finite element modelling. These packages allow for data to 
be input in graphical or bulk data form. Some finite element software 
packages available in the market are
STRAND NASTRAN EMAS
FIDAP ABAQUS DYTRAN ARIES
In this thesis, the cutting tool temperature field for machining the 
free-cutting stainless steel is calculated using MSC/NASTRAN. In 
association with the NASTRAN package is the pre- and post-processor 
package MSC/XL. Creating a finite element model requires firstly a 
geometric model of the structure or system. This includes the nodal 
coordinates and topology. Secondly, the behaviour of each element is 
modelled mathematically. That is, the governing equations depict the 
nature of each element. Material properties also determine element 
behaviours. Thirdly, boundary conditions are implemented to the 
structure and "load" applied.
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XL/NASTRAN is a computer software package specialised for the 
purpose of finite element modelling. MSC/XL and MSC/NASTRAN can be 
used in conjunction as a bulk data input and finite element solver 
respectively.
6.5.1 Using MSC/XL
MSC /XL and MSC/NASTRAN can be utilised as an effective design 
tool on a Sun workstation (Unix system). MSC/XL can be used in finite 
element modelling as a pre-processor as well as a post-processor for the 
NASTRAN finite element solvers.
a) MSC/XL as a pre-processor
The pre-processor applications of MSC/XL make an effective and 
efficient method to access the bulk data entry cards of MSC/NASTRAN due 
to its user friendly menu structured utilities. Data can be input through 
the menu system within MSC/XL.
All input data can be entered by progressing through the menu 
selections. Firstly it is necessary to input the geometry of the model. It can 
then be meshed through the automatic mesh generation within MSC/XL. 
However, individual element can be prescribed directly. Automatic mesh 
generation has many advantages for the finite element software user. Not 
only does it rapidly shorten the time of mesh creation, it also leads to 
improved nodal point sequencing with systematic numbering of grids and 
elements.
b) MSC/XL as a post-processor
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MSC/XL is also a very useful tool as a post-processor to analyse 
output results through the graphical window. Temperature field contours 
are also available.
Using MSC/XL as a post-processor also permits the graphical display 
to be stored as a post-script file. The post-script file can then be 
transported to other computer systems enabling plotting of the output 
display.
6.5.2 Using MSC/NASTRAN
MSC/NASTRAN was created by the National Aeronautics and Space 
Administration (NASA). MSC/NASTRAN formulates the matrices necessary 
in the finite element method and solves them with various solution 
techniques.
MSC/NASTRAN constructs output files with tabulated input bulk 
data as well as results. The bulk data entry cards are the cards in which 
NASTRAN obtains data. These bulk data are necessary to formulate the 
stiffness matrices which are then solved using numerical methods. The use 
of XL/NASTRAN systems and their interface can be represented as shown 
in Fig. 6-5
Three main types of heat transfer problems are solved in 
MSC/Nastran: linear steady-state analysis, non-linear steady state analysis 
and transient analysis. Since concern is on the formation of adhering layer 
under steady state machining condition, solution 153 is used.
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Input Data
nodal topology element properties boundary conditions
c Pre-processorXL1
1 Finite Element Solver | 
V  NASTRAN J
\
c Post-processorXL )j
Result Output
Fig. 6-5 XL-NASTRAN interfacing
The analogy that exists between thermodynamics and mechanics of 
solid bodies is exploited in order to utilise Nastran in the solution of heat 
transfer problems. Heat transfer analysis in a solid continuum can be 
carried out by the finite element method to solve a set of simultaneous 
equations where the unknown temperatures are defined at a discrete set of 
points. The result is that when the finite element method is applied to heat 
transfer problems, the general equation may be written in the following 
form:
[K] {u}+[B]{u}={P}
where {u}= vector of temperature gradients.
{u}= vector of temperature at grid points.
|pj=vector of known applied heat loads as a functions of time. 
[K]=symmetric matrix of constant heat conduction coefficients.
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[B]=symmetric matrix of constant heat capacity coefficients.
As in structural analysis where grid points are used to locate 
displacements, in thermal analysis they are used to locate temperatures.
The arrays [K], [B] and {P} calculated for thermal analysis are the 
same as those for a structural analysis except that they are computed using 
heat transfer properties rather than structural ones. The heat conduction 
matrix, [B], are formed from the element properties. The components of 
the applied heat flow vector, {P}, are associated either with surface heat 
transfer or with heat generated inside the volume heat conduction 
elements.
These arrays and their subsets can be compared with structural 
properties. Table 6-2 shows the similarities that exist between thermal 
systems and structural analysis.
Table 6.2 Similarities between solution equation for thermal and structural analysis
Sym bol Structural System Thermal System
V elocity Temperature gradient
{u } D isplacem ent Temperature
{P} A pplied Load Heat Source or Thermal Loads
[K] Stiffness Thermal Conductance
[C] Damping Heat Capacitance
[M] M ass None
{u } A cceleration Radiation
In order to explain the manner in which Nastran carries out the 
solution of the thermal analysis, the flow diagram shown in Fig. 6-6 has 
been used.
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Fig. 6-6 The Flow Diagram for Thermal Analysis
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It is necessary to know the cutting tool temperature field in order to 
understand further about the influence of cutting temperature on the 
formation of adhering layer.
First the temperature field partial differential equation is established 
to determine the cutting tool temperature field theoretically. Then the 
initial and boundary conditions are given, and finally the solution of the 
equation is obtained via a matrix solver.
Because of the complicated nature of the partial differential equation 
and the associated boundary condition, its solution is usually obtained by 
the popular finite element method.
6.6.1 Establishment of the equation of cutting tool temperature field
Heat transfer will happen if the temperature distribution inside a 
body is not uniform. The heat would transfer from the part with higher 
temperature to the other parts with relatively lower temperature.
The equation for unstable temperature field without inside heat 
source is:
d2T d2T d2T _ cp dT 
dx2 dy2 dz2 A dt
The temperature field to be calculated is in the main section, which is 
0.5mm to the tool nose. It is not very close to the tool nose region where 
three dimensional deformation take place. The temperature field can be
approximately regarded as the two dimensional steady state temperature
rTT •field87~88, ie, —  = 0. Then the temperature field equation is:
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In fact, heat transfer still exists in the steady state temperature field, 
but the temperature of different points remain stable during the heat 
transfer process.
6.6.2 Principle for the calculation of temperature field using FEM
An advantage of the FEM method is that the element constituting the 
mesh can be readily graded in size and orientation, enabling localised 
concentrations of high temperature gradients and heat generation rate to 
be accurately represented.
The function T = T(x,y), which fit for the temperature field equation 
and the above mentioned boundary condition can be obtained by 
minimising the following functional:
6.6.3 Initial and boundary condition
The temperature field equation set up a relation of temperature with 
time and space, but there could be a lot of solutions exist which are 
suitable for the temperature field equation. After the initial condition and 
boundary condition are specified, the specific temperature field can be 
determined.
1) Initial condition
Tool temperature before cutting is at room temperature ,
r,=0 = r0=20°c
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Assuming the tool nose and tool edge is absolutely sharp, the heat 
produced in third deformation zone is neglected87"89.
2) Boundary condition of rake face
The curve of temperature distribution after a cutting length of 0.1km 
(Fig. 6-4) is taken as the tool-chip interface temperature distribution 
(contact boundary 1) when no layer is formed. The curve of detected 
layer-tool temperature distribution after the cutting length of 1.5 km 
(experiment shows that the layer is stably formed after this cutting length) 
as the boundary condition when layer is formed on rake face.
No coolants are used in the machining experiments, the heat losses to 
the air by conduction, convection and radiation are small, since air is a 
bad conductor of heat [ A. O. Tay, et al. (1974)87]. So other tool boundary 
conditions for boundary 2, 3, 4 and 5 are assumed to have the heat 
exchange coefficient of a=0.
Fig. 6-7 Determination of boundary condition
In summary, chapter 6 introduced the basic concepts on the 
MSC/XL and MSC/NASTRAN and their relation in the process of solving 
finite element problems. The theoretical method for calculating the chip-
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layer interface temperature distribution is also introduced and compared 
with the layer-tool interface temperature distribution which is obtained 
from experiment.
The principle that governs the calculation of the cutting 
temperature field are also introduced, as well as the boundary conditions 
and initial condition used in the finite element calculation.
In the following chapter, the geometric mesh of cutting tool and the 
detail programming process using MSC/XL and MSC/NASTRAN will be 
introduced, and the cutting tool temperature field will be calculated and 
analysed.
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7.1 INTRODUCTION
MSC/XL and MSC/Nastran are the versatile FEM programs. The 
major problem facing the programmer is to become fluent with the 
software. Unfortunately the documentation available for programming in 
Nastran and assembly of models are not very comprehensive. There are 
few example solutions available, especially there is almost no solution 
example on the thermal analysis problems in machining. And in most cases 
little detailed description on how to actually program is given. There is 
also limited information on the connections between programming for heat 
transfer problems with Nastran and how this is actually achieved with the 
use of the modelling tool MSC/XL
A major problem faced when attempting to complete this part of 
thesis on cutting tool temperature field analysis was with the programming 
in Nastran. Programming for heat transfer analysis is very much a 
specialist area. However, the literature was not particularly helpful, and 
there are few people who use the software on a regular basis at Wollongong 
University.
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The following sections will detail how the model was actually 
developed and programmed in Nastran. The options available when 
programming for this type of problem, and the links between modelling in 
MSC/XL are also introduced.
7.2 FINITE ELEMENT MODELLING IN XL AND SOLUTION USING 
NASTRAN
A new version of MSC/NASTRAN which is the Version 68 has been 
available in the Faculty of Engineering at this University. It provide 
significant advantages in increasing the accuracy and in achieving a 
reduction of both the computational and programming time over the 
corresponding old version.
However, despite the many improvements in this version, some 
difficulties have been experienced by the programmer.
MSC/NASTRAN provides a wide variety of solution series that can be 
used to model thermal analysis problems. As we have discussed in chapter 
6, the cutting tool temperature field is regarded as the steady state field 
problem, and NASTRAN Solution 153 is available for this kind of heat 
transfer analysis.
7.2.1 Generation of model and mesh.
In the solution process of problems involving the finite element, the 
first step is the selection of a suitable subdivision of the model into 
elements, and of suitable elements to achieve this. The grid pattern 
selected when modelling is important as it affects the accuracy of the 
results. The principle concerns in making a finer or coarser mesh are
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accuracy, cost and time, all three of which increase with an increasing 
number of grid points.
There are two main methods to establish the geometric model and 
generate the mesh. One method is by producing the grid pattern within a 
graphics package, such as MacDraw Claris CAD and Auto CAD, then down 
loading the data into MSC/XL as grid points which can be used to re­
compose the geometry of the model. The other method is to construct both 
the model and mesh pattern using software MSC/XL. If the programmer 
already is already familiarised with another drawing package, using the 
first method mentioned above will save the programmer time from having 
to become familiar with MSC/XL Given the simple geometric shape of the 
cutting tool, and the powerful meshing capabilities of MSC/XL, the second 
method has been used.
A standard parametric mesh using CQJJAD4 element produced in 
MSC/XL is shown in Fig.7-1 and Fig. 7-2. The geometric models can be 
constructed with uniform or non-uniform meshing pattern according to 
the special requirement.
In order to improve the calculation accuracy in the region near tool 
nose area, a finer mesh can be generated in that area (see appendix 1 for 
the non-uniform mesh generation). In the region where tool-chip is 
interfaced, it is uniformly divided in the x direction for both of the two 
meshing pattern, as the positions of detected temperature distribution in 
layer-tool interface are uniformly distributed. Both of the two meshing 
patterns are used for the comparision which will be discussed in section 
7.5.
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Fig. 7-1 Uniform parametric mesh generated from MSC/XL
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Fig. 7-2 Non-uniform mesh of cutting tool
Fig.7-2 Non-uniform parametric mesh generated from MSC/XL
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7.2.2 MSC/NASTRAN heat transfer problems
The heat flow problem is similar, in many ways, to structural 
analysis. The same grid points, coordinate systems, elements, constraints, 
and sequencing can be used for both problems. There are several 
differences, such as the number of degrees of freedom per grid point, the 
methods of specifying loads, boundary heat conduction, and the non-linear 
elements. For heat flow problems, the only unknown at a grid point is the 
temperature, and hence, there is one degree of freedom per grid point. 
Additional grid or scalar points are introduced for ambient temperatures.
The fundamental purpose of XL is to serve as a modelling tool. In 
the majority of cases it is possible to achieve a large portion of the 
necessary NASTRAN programming through XL, but there are some 
instances where the programmer is required to manually input and edit 
the "filename.dat" file generated from the MSC/XL. Heat transfer analysis is 
one of those cases where a significant input is required from the modeller 
to produce the NASTRAN program.
Data input into MSC/NASTRAN is required in a set format that is a 
maximum of eight characters (or columns) in length. This field length is 
comprised of ten eight characters fields. Data must be entered according to 
its correct field location, which can be achieved by one, or both of the 
following two methods. The first is to position the required details within 
the correct eight character field. The second is to list the data with commas 
placed between each entry. The commas are used to represent the start of 
each eight character field. The examples below are read by NASTRAN in 
the same way.
1 2 3 4 5 6 7 8 9 10
SPC 10 1 1300.0
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SPC, 10 ,1 , ,  1300.0
The input file read by NASTRAN is comprised of five sections that 
must be assembled in the following sequence, as shown below.
NASTRAN Statement 
File Management Statements 
Excutive Control Statements 
CEND
Case Control Commands
BEGIN BULK 
Bulk D ata Entries
ENDDATA
Fig. 7-3 MSC/NASTRAN Input File Structure
7.2.3 Thermal transfer element
Because MSC/NASTRAN is an analysis code based on the finite 
element method, it is equipped with an element library which can be used 
for building discretized numerical models that approximate the structure 
of the system of interest. These elements can be classified into three main 
categories, surface elements, special elements and conduction elements.
Version 68 of NASTRAN also supports a variety of one dimensional 
elements, shell elements, axisymmetric elements and solid elements, as 
shown in Table 7-1.
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Table 7-1 Heat Transfer Elements Supported by NASTRAN Version 68
Line
Elements-1D
Surface
Elements-2D
Solid
Elements-3D
Axisymmetric
Elements
CROD CQUAD4 CHEXA CTRIA6
CONROD CQUAD8 CPENTA
CBAR CTRIA3 CTETRA
CBEAM CTRIA6
CBEND
CTUBE
A thermal element must be capable of analysing heat flows. There 
are no bending, torsion, warping etc. as in structural analysis 
Subsequently thermal elements can be generalised in the following way, 
one-dimensional elements conduct in one direction, two dimensional 
elements in two directions and three dimensional elements in three 
directions.
Version 68 provide surface elements for defining heat transfer 
boundaries as summarised in Table 7-2.
Table 7-2 Heat Transfer Surface Elements Supported by NASTRAN Version 68
Element CHBDYE CHBDYG CHBDYP
Surface types All REV POINT
AREA3 LINE
AREA4 ELCYL
AREA6 FTUBE
AREA8 TUBE
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The surface element geometry is associated with surface type. Of the 
three forms of surface elements available, the CHBDYG and CHBDYP have 
their TYPE (ie. element form) explicitly defined on their Bulk Data entries, 
as shown below. The CHBDYE on the other hand deals with the geometry 
type implicitly as shown below.
CHBDYG KID TYPE IVIEWF IVIEWB RADMIDF RADMIDB
G1 G2 G3 G4 G5 G6 G7 G8
CHBDYP FID PID TYPE IVIEWF IVIEWB Gl G2 GO
RADMIDF RADMIDB CE El E2 E3
CHBDYE ran EID2 SIDE IVIEWF IVIEWB RADMIDF RADMIDB
Material properties for heat transfer analysis are supplied using the 
MAT4, MATS, MATT4, MATT5, RADMT Bulk Data entries. The MAT4, MAT5 
and RADM entries provide constant value material, while the MATT4, 
MATT5 and RADMT allow the use of temperature dependent properties 
through their connection with the material tables TABLEMi. The MAT4 and 
RADM Bulk Data card is shown below, and the thermal properties 
supported by these entries are listed in Table 7-3.
MAT4 MID K CP P H HGEN REFENTH
TCH TDELTA QLAT
When inputting the material properties through the MSC/XL using 
the menu, only the MID and k appear in the pop-up menu for editing. 
However, the generated file "filename".dat can be opened later by "open 
in e d it" to add some additional items such as p, etc. An important point to 
note is that the added material property data has to be put in the right 
column position, otherwise the program will not run.
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Table 7-3 Thermal Properties o f Material Supported in NASTRAN Version 68
Sym bol Property C onsistent Units
K(T) Thermal C onductivity (temp, dependent) W / m °  C
CPfT) Specific heat (temp, dependent) J / k g ° C
p D ensity k g /m 3
H(T) Heat Transfer C oeff. ( tem p, dependent) W / m 2 o C
rtOJ Dynam ic viscosity N  sec /  m2
HGEN(T) Volumetric internal heat generation W /m 3
REH iN TH R eference enthalpy J / k g
TCH L o w «  temperature lim it for phase change
TDELT& Temperature range for phase change °C
QLAT Latent heat J/kg
ABSORP(T) A bsorptivity for heat flux, and radiation Nondimensional
E M IS U T ) Em issivity for radiation boundary Nondime nsional
NASTRAN does not support any default unit designation. It is the 
user's responsibility to ensure that consistent units are used in the whole 
process of the program.
73 HEAT TRANSFER PROGRAMMING FOR NASTRAN VERSION 68
The steady state thermal analysis problems are solved using 
Solution Sequence 153 in Version 68 of NASTRAN. The process of 
programming is described below.
1) Editing of the Analysis Type to Case Control
For the functionality of the Solution 153 in Version 68, it is a
r e q u ir e d  to  a d d  th e  follo w in g  c o m m a n d  "ANALYSIS=HEAT" to  th e  Case
Control to specify a thermal analysis, as shown below.
ID MSC-XL, MSC-NASTRAN V68
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SOL 153 
$ Static Analysis 
TIME 10 
CEND
Title =MSC/NASTRAN—MSC/XL 
ANALYSIS = HEAT
BEGIN BULK
2) Setting Initial Temperature Conditions for the Model
In the first run of the model, all the nodes have the same initial 
temperature, which is achieved using the TEMPD command. This command 
sets an initial temperature on any grid points that have not yet been set 
with another TEMP Bulk Data entry. The ’TEMPD" command is referenced 
back to the TEMP(INIT)=ID command in the Case Control section.
In subsequent runs of the model, setting of the initial temperature 
conditions can be achieved by inserting the final output of temperature 
values from the previous run into the next stage.
3) Setting the Value of Ambient Temperature Point
For NASTRAN Version 68, it is relatively simple to set the ambient 
temperature point, initially the command line "SPC=SID" should be added 
to the Case Control section
ID MS C-NAS TRAN V68 
SOL 153 
TIME 10 
CEND
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TITLE = MSC/NASTRAN-------
ANALYSIS =HEAT 
SPC = 10
BEGIN BULK
This command line references a Bulk Data table that sets the properties of 
the SPC. The SPC forces a particular requirement on a select grid point. The 
actual value of the temperature that is required for the ambient point can 
be set on the TEMP Bulk Data card. This card defines the temperature at a 
referenced grid for the determination in thermal loading. The linking of 
the commands and cards is shown below.
Where SID=identification number
Gl=grid point number for the ambient point.
Cl=left blank
Dl=value of the prescribed displacement which in this case is the 
temperature
Tl=temperature of grid point.
4) Heat Transfer Boundary Elements
Selection of a suitable heat transfer boundary elements, is 
dependent on the model geometry and what best suits the type of problem
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being solved. For the model developed in this thesis the CHBDYP and 
CHBDYG elements are selected.
Because MSC/XL does not support the heat transfer elements, and 
therefore it is necessary to manually alter the CQJJAD4 elements generated 
in the modelling stage to the "heat transfer elements". The "CQUAD4" 
elements must be altered to "CHBDYG" elements. The form of Bulk Data 
entry for this element is shown as below (some of the entries are not 
necessary in this analysis, see appendix).
CHBDYG RIP TYPE IVIEWF IVIEWB RADMIDF RADMIDB
Gl G2 G3 G4 G5 G6 G7 G8
Where
EID = Element identification number.
TYPE =The area type . Either a "REV", "AREA3", "AREA4", "AREA6" or 
"AREA8"
Gi = Grid point identification numbers which compose the element.
IVIEWF = Identification number to specify the front face for radiation and 
thermal flux problems
IVIEWB =Identification number to specify the back face for radiation and 
thermal flux problems
RADMIDF =Identification number for front face of element in radiation 
analysis.
RADMIDB = Identification number for back face of element in radiation 
analysis.
Defining of the heat transfer elements is achieved by changing of 
the "CQUAD4" elements to "CHBDYG" labels , followed by the addition of 
entries, removal of the "PID" on the "QUAD4" and re-positioning of the 
grid numbers. The element type will be "AREA4".
5) Properties of Thermal Element
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The MAT4 entry is used to define the heat transfer material 
properties of the model elements. The MAT4 card and an explanation of 
the entries is given below.
MAT4 MID K CP P H P HGEN REFENTH
TCH TDELW QLAT
where:
K =thermal conductivity
CP =specific heat
p =density
H =heat transfer coefficient
\i =dynamic viscosity
HGEN =volumetric internal heat generation
REFENTH =reference enthalpy
TCH =lower temperature limit f0 phase change
TDELTA = temperature range for phase change 
QIAT =latent heat of transformation
The later five property entries are not required in the programming
here.
6) Connection of Thermal Properties to the Element
After the thermal properties of the model elements are defined, it is 
necessary to connect them to the elements. The connection is achieved 
through the use of the element property card. For the model in this thesis 
the PSHELL is used for the analysis of cutting tool temperature field. The 
"CQJJAD" element is referenced to the property of the PSHELL which is 
then referred to the property listing MAT4 as shown in the flow chart 
below.
137
Chapter7 PROGRAM DESCRIPTION AND RESULT
C Q U A D 4 EID PID G l G2 G3 G4 THETA ZOFFS
T l T2 T3 T4
________i__________________
PSHELL PID M ID
r -L n
_ l
MAT4 M ID K CP P H HGEN REFE NTH
TCH TDELTA QLAT
Where:
EID = Element identification number(Unique integer>0)
PID = Identification number of a PSHELL or PCOMP property
entry (lnteger>0 or blank, default is EID)
Gl, G2, G3, G4 =Grid point identification numbers of connection points 
(lnteger>0, all unique)
THETA =Material property orientation specification (Real or blank,
or 0<integer<l,000.0)
ZOFFS =Offset from the surface of grid points to the element
reference plane
Tl, T2, T3, T4 =Membrane thickness of element at grid points Gl through 
G4. (Real>=0, or blank)
7) Additional Data
All Additional data that are contained in the Case Control and Bulk 
Data sections are generated by the "filename.dat" file produced from the 
computer generated model in XL. This generally contains details on the 
solution type, grid identifications, element identifications and properties, 
surface and solid elements used, etc.
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1A FINITE ELEMENT CALCULATION RESULTS OF THE CUTTING 
TOOL TEMPERATURE FIELD
7.4.1 Cutting tool temperature contour with and without adhering layer 
formed
After the program (with name of "filename.dat") is edited and 
checked, it can be run in a Sun Workstation by " rlogin cadsunl". 
NASTRAN must run on a specified computer. The command for this is 
listed in the appendices. The file of "filename".xdb will be generated which 
will be used in the post-processor MSC/XL, the calculated results of 
temperatures at different grids will be in a NASTRAN output file named 
"filename".pch. To use the "filename".pch as import file for MSC/XL, you 
have to manually edited the "filename".pch to another file named 
"filename".ext.
The cutting tool temperature fields with and without adhering layer 
are calculated according to the different boundary conditions.
As it had been discussed in chapter 6 that, after a cutting length of 
1.5km, the adhering layer is stably formed. The chip-layer interface 
temperature distribution is calculated in chapter 6 (result is shown in Fig.
6-3).
The layer-tool interface temperature distributions under different 
cutting lengths (line AB in Fig. 5-2) are detected using thermocouple 
techniques, and the results are shown in Fig. 6-4.
It is observed that, when cutting length is less than 0.1km, the 
detected temperature of different points fluctuates due to heat shock, and 
also because the cutting time is too short, almost no adhering layer is 
formed on tool rake face. So the detected temperature distribution under
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this cutting length is regarded as the temperature distribution without 
adhering layer formed.
Fig. 6-3 and Fig. 6-4 also show that the measured layer-tool 
temperature distributions are lower than the calculated chip-layer 
temperature distribution (due to the low heat conductivity of adhering 
layer), and the layer-tool interface temperature distribution under the 
cutting lengths of 0.75km, 1.2km and 1.5km are lower than the 
temperature distribution after a cutting length of 0.1km.
In the finite element calculation, the curve in Fig. 6-6 with cutting 
length of 0.1km is taken as the boundary condition when there is no 
adhering layer formed on rake face, and the curve with a cutting length of 
1.5km is taken as the boundary condition when there is adhering layer 
formed on rake face.
The NASTRAN program is run on the SUN Workstation for about one 
hour. The results is shown in the form of temperature contour graphics 
and in the form of temperature data file (filename.pch). Fig.7-4 and Fig. 7­
5 show the cutting tool temperature field with and without adhering layer 
formed. The temperatures at different grid points can be seen in the 
NASTRAN calculation results (see Appendix 5).
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Cutting tool temperature field with adhering layer formed
(non-uniform mesh)
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Cutting tool temperature field without adhering layer formed
(non-uniform mesh)
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7.4.2 Discussion on the temperatures obtained from finite element 
calculation
1) Comparision of temperature distribution along the direction vertical to 
rake face with and without adhering layer formed
Table 7-4 Comparison of temperature distribution along MN 
direction with and without adhering layer formed 
(calculated using non-uniform mesh)
grid number 
along MN T(°Q  without layer T(°C) with layer
5 940.0 855.0
20 909.8 832.4
35 882.9 813.6
50 861.0 798.3
65 843.9 786.3
80 830.3 776.4
95 819.5 768.6
110 806.1 758.6
125 795.0 750.2
140 786.9 744.0
155 782.9 740.9
temperature
reduction
T m -T n
157 114
The temperature distribution and reduction along the direction 
vertical to rake face (MN in Fig. 7-2) is listed in table 7-4. Corresponds to 
table 7-4, Fig. 7-6 shows the temperature gradient along the direction 
vertical to rake face.
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Fig. 7-6 Temperature distribution along line MN (show temperature 
gradient along the direction vertical to rake face)
It is known from the finite element calculation results, when there is 
an adhering layer formed (after cutting length of 1.5km), temperature 
gradient along chip flow direction and direction vertical to rake face is less 
than that without layer formed, which shows that the temperature field 
with layer formed is more stable than that without layer formed.
2) Comparison of FEM results using different mesh
Two types of mesh (uniform and non-uniform) were used in the 
finite element programming and calculation. The calculation results, the
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temperature distributions along the MN direction are listed and compared 
in the table 7-5.
Table 7-5 Comparison of temperature distribution along MN 
direction using uniform and non-uniform mesh when 
adhering layer formed (obtained from FEM results)
grid number 
along MN
T (°Q
non-uniform mesh
T(°Q
uniform mesh
5 (point M) 855.0 855.0
20 832.4 821.6
35 813.6 797.0
50 798.3 779.6
65 786.3 767.4
80 776.4 758.8
95 768.6 752.7
110 758.6 748.5
125 750.2 745.6
140 744.0 743.8
155 (point N) 740.9 742.9
temperature
reduction
T m -T n
114.1 112.1
Corresponding to table 7-5, the comparison can also be drawn in 
Fig. 7-7.
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Fig. 7-7 Temperature distribution along line MN obtained from FEM 
calculation results using two different meshes
From the above figure, it is known that the calculated results of 
temperature value using different mesh are very similar with only a 
difference of less than 0.3%.
3) Discussion on the correctness of the calculated temperature field
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For the finite element calculation itself, the software package of 
MSC/NASTRAN offer a reliable tool of calculation. The correctness of 
input data for finite element calculation is important for the correct 
output of calculated results.
Since there are few references available on this particular research 
area on cutting tool temperature field with an adhering layer formed, it is 
difficult to directly compare the NASTRAN calculated results with works 
done by other people. However, the FEM results can be compared with the 
experimental results and with the theoretical calculated result of chip- 
layer temperature distribution which is obtained using S. S. Silin's theory 
(section 6-2 ).
The mean cutting temperature measured from experimental method 
is about 1050°C when a layer is formed on tool rake face. The temperature 
field obtained from the FEM is lower than the measured mean 
temperature. This is not surprising, as the mean temperature is the 
average temperature in the interface of chip and top side of the layer, and 
it is higher than the temperature in the interface of layer and tool.
Moreover, the theoretical temperature distribution of chip-layer (see 
section 6-2) is found to be higher than the FEM calculated results of 
cutting tool temperature field, which again verifies the effect of adhering 
layer on the temperature distribution below the bottom side of the layer, 
ie, the low heat conductivity of the layer results in a decrease of 
temperature.
Few reference are available for the analysis of cutting tool 
temperature field with adhering layer formed in machining the Ca-S free- 
cutting stainless steel. The difference between the results in this thesis and 
other people's works is due to different in workpiece material and the
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and the existence of an adhering layer. However, if it is compared with 
other people's work on the finite element methods in machining 
introduced in reference 88, 89 and 92, the temperature contours obtained 
from finite element calculation in this thesis show a certain similarity with 
that for plastic strain (which is related to the cutting heat) contour92, and 
that of the temperature contours89.
rake angle a=10, shear angle ({>=23.6, chip thickness=0.25mm, V=122m/min
Fig. 7-8 The temperature distribution from A. O. Tay, et al. (1976)89
(a)
Variation of equivalent total plastic strain at increment a) 123 pm, b) 220 pm
Fig. 7-9 The distribution of the plastic strain from K. Komvopoulos (1991)92
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1 870.0 •
2 796.7 rV
3 760.0 1
4 723.3
5 686.7
6 650.0
7 575.0
rake face
Fig 7-10 Cutting tool temperature field with adhering layer formed
4) Analysis on the relation between the cutting temperature distribution 
and the layer formation
It can be seen from the above discussion that, with the adhering 
layer formed, the temperature gradient in the direction vertical to the rake 
face is smaller than that without layer (as shown in Fig. 7-6), which means 
that with the layer formed, the temperature decreases slowly and the 
temperature beneath the layer remain stable at about 850°C, which is just 
the favourable temperature for layer formation.
In the region on rake face where x<0.1mm (from tool edge) and 
x>0.5mm, the tool-chip contact surface temperature is kept under 750°C 
in the stable cutting temperature field which is much lower than the 
melting point of inclusions in the steel, so the layer can not form in this 
region on the rake face. In the region of 0.2<x<0.5mm on the rake face, 
the temperature between the chip and layer is in the range 900~1100°C. 
At this temperature, the inclusions in the steel are in soft and viscous state 
and are easily to be extruded and coated on rake face to form the layer, so
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this temperature is favourable for the stable formation of adhering layer. 
Then the temperature beneath the layer decrease sharply to below 800°C, 
which hardens the layer at the layer-tool interface and the layer is coated 
on rake face in solid state.
However, the inclusion in the chip near the layer is still in soft and 
viscous state, and the new layer will be formed continuously on the rake 
face, thus making the layer thicker and then approach the relatively stable 
state. This means that the amount of newly formed adhering layer is equal 
to the amount of layer taken away by chip flow.
A lot of composition phase are filled in the region 0.1<x<0.5 mm 
which is real covering region (where layer covers the rake face). It is 
obvious that the real covering region is smaller than the nominal covering 
region. And the layer thickness is uneven in the real covering region.
When x>0.6 mm, the temperature reduced to about 700°C, silicate 
inclusions exist in a hard brittle state and can not form the layer. Only a 
few MnO and MnS inclusions with low melting point can form a thin layer. 
At the tool-chip separating end (tool-chip contact length is 0.9mm), the 
temperature is reduced further, and only a few CaS and FeS inclusions 
with lower melting point can form a very thin adhering layer.
Generally speaking, the layer distribution and thickness correspond 
to the temperature distribution. The stable cutting temperature field 
ensures the stable formation of adhering layer.
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CHAPTER 8
ANALYSISflN THE FORMATION 
MECHANISM OF ADHERING LAYER
BASED ON EXPERIMENT AND FEM RESULTS
As described previously, when the Ca-S free-cutting stainless steel is 
machined, the formation and distribution of adhering layer are mainly 
influenced and determined by the cutting temperature distribution. The 
inclusions in free-cutting steels can only be extruded and coated on the 
cutting tool surface as adhering layer under the conditions of proper 
cutting temperature and pressure. Through the experimental work 
(chapter 5)and theoretical analysis (chapter 6 and chapter 7), the 
compositions and distribution of adhering layer has been determined. The 
cutting temperature distribution on rake face and cutting tool temperature 
field have been measured by experimental techniques and calculated by 
finite element method respectively. The aims of these investigation and 
analysis are to study the formation mechanism of adhering layer, ie, to 
elucidate the reasons why the inclusions can be extruded out and coated 
on cutting tool surface and the reasons why the adhering layer can be kept 
in a relatively stable state. In this chapter, the theoretical model of the 
adhering layer formation process is to be developed on the basis of the
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experimental investigation and finite element analysis, and the ways to 
promote the formation of ideal adhering layer are discussed.
8.1 THE FORMATION PROCESS OF ADHERING LAYER
The formation of adhering layer is not just a simple adhering 
process of inclusion on the cutting tool surface, in fact, it is a complex 
physical and chemical process which is related to not only the types, 
compositions and shapes of inclusion, but also the cutting parameters (like 
cutting speed and feed rate), and other external conditions such as the 
chemical affinity of cutting tool material with inclusions in steel, etc. The 
formation of adhering layer is also dependent upon the deformation 
ability of the inclusions in the free-cutting steel during machining process, 
and especially, upon the deformation characteristics of inclusions during 
the process when the chip is sliding along the rake face.
It will be shown from the analysis in this chapter, the formation 
process of adhering layer in nature is that, the inclusions in the free- 
cutting steel, under the conditions of proper cutting temperature and 
pressure, deform when sliding over the cutting tool rake face. They 
become softened, melted, then the softened inclusions are extruded out of 
the workpiece material and are adhered and coated on cutting tool 
surface. Then the inclusions are extruded out continuously and are coated 
on the cutting tool surface, or coated on the surface of previously formed 
old adhering layer, so the extruded inclusions are accumulated to make 
the layer thicker, and finally when the amount of extruded inclusions is 
about the same as the amount worn away from chip flow, the relatively 
stable adhering layer is formed.
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8.1.1 Step one-melting and extruding of inclusion in the free-cutting steel
It has been known from the previous analysis that the inclusions in 
the Ca-S free-cutting stainless steel are mainly composed of CaO, MgO, 
MnO, A120 3, Si02 and (Ca, Mn, Fe)S, the melting points of these chemical 
compounds are low.
Under the normal temperature condition, the inclusions basically 
do not deform except for MnS which has a low melting point. However, the 
plasticity of the inclusions increase obviously under the effect of high 
temperature and high pressure when machining with relatively high 
cutting speed and feed rate. Especially, through the severe shearing 
deformation and frictional deformation in the process of chip formation, 
the inclusions on the cutting line and the inclusions above and near the 
cutting line gradually become soft and begin to melt and deform as the 
cutting zone temperature increase.
According to the result from the experiment on the melting point of 
the inclusions, the inclusions in the Ca-S free-cutting stainless steel begin 
softening at the temperature of 1200°C and begin melting at the 
temperature of 1300°C. When machining with TiC carbide tool, the average 
cutting temperature is between 700 - 900° C. It can be calculated that the
highest temperature on the rake face is 1100-1400° C, according to the 
average cutting temperature-highest cutting temperature formula 6m =1.50
(Itou Tetsuro, 1982). And this temperature is favourable for the inclusions 
in the cutting zone to become softened and begin melting, and at this 
temperature, the fluidity of the inclusions is high, and therefore it is 
suitable for the inclusions to be extruded and coated on tool surface.
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8.1.2 Step two-adhering and coating of inclusion on the cutting tool
surface
Under the effect of high cutting temperature and high pressure, the 
softened inclusion is extruded out of workpiece. The extruded inclusion 
has a good fluidity. As the chip flow along the rake face, the extruded 
inclusions could be smeared on the cutting tool rake face like a brush 
painting process. The retaining of the extruded inclusion and the coating 
of the extruded inclusion on tool surface is directly related to the 
inclusion's wetting ability and chemical affinity to the cutting tool surface, 
and it is also related to the features of the microcosmic appearance of 
cutting tool surface.
The experiment on the melting point of the inclusions has indicated 
that the inclusions in the Ca-S free-cutting stainless steel has at least the 
moderate wetting ability on TiC carbide tool, and the inclusion also has 
chemical affinity and diffusion property to this kind of cutting tool 
material. The chemical reaction between the inclusion and cutting tool also 
take place at the temperature of 1180-1190°C. Thus the adhering ability 
of the inclusions on cutting tool surface is increased during this period of 
machining process.
The microscopic rough and uneven on cutting tool surface, which is 
generated from tool grinding and tool wear is another important factor 
for the formation and existence of adhering layer. According to the tool 
wear mechanism of the TiC carbide tool, the element Co and chemical 
compound of WC are first worn away during tool wear process, and the 
remaining TiC, which is relatively harder than the element Co and 
compound of WC, become protruding and resulted in a 2-4 fim surface 
roughness. Hence, when the softened inclusions is smeared over the rough
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and uneven cutting tool surface, they could be inlaid on the uneven tool 
surface and adhered on the protruding TiC phase. When the cutting 
process continues, more inclusions are smeared and coated on the cutting 
tool surface and gradually a layer of the extruded inclusion is formed.
In a summary the microscopic roughness of the cutting tool surface, 
the wetting ability and chemical affinity of the calcium contained 
inclusions to the cutting tool, the diffusion property of inclusion and 
cutting tool, and some external conditions, all these combined conditions 
act together, lead to the extruded inclusion to be adhered and coated on 
the cutting tool surface.
8.1.3 Step three-hardening and thickening of adhering layer
Through the analysis on the adhering layer by means of SEM and 
EPMA, the thickness of the adhering layer can reach a value of 1.6-18 nm. 
The adhering layer has a certain anti-wear ability to deal with friction wear 
generated from chip flow. That is to say, the adhering layer with a certain 
thickness, and proper strength and hardness can be formed and remained 
on the cutting tool surface. But the cutting tool and chip are in a state of 
relative motion and the friction is large. How could the adhering layer be 
formed and be kept in a relatively stable state in the tool-chip interface 
which is in relative motion? This phenomena, as a matter of fact, is 
determined by the cutting temperature field and the temperature 
characteristics of calcium contained inclusions in the free-cutting steel.
The main heat source (the heat generated from the plastic 
deformation and friction during machining process) in the cutting zone is 
in the tool-chip contact surface. According to metal cutting theory and 
finite element analysis, the temperature gradient in the direction vertical 
to rake face is high. Therefore, during the formation process of an
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adhering layer, the inclusions which are extruded out from chip bottom 
and adhered to cutting tool surface, have relatively lower strength at high 
temperature, part of the them could be tom away by chip flow, the other 
part is smeared and coated on the rake face to form the adhering layer. 
Because the layer has a certain thickness, the tool-layer interface is 
separated apart from layer-chip interface which is near the source of heat 
generated from plastic deformation and friction. As a result of this, the 
tool-layer interface temperature decreases (because the heat conductivity 
of the layer is small), the plasticity of calcium contained oxides in the layer 
near the tool-layer interface also decreases, and the hardness increases. 
This makes the layer stronger and not easily worn away, thus promoting 
the thickening of the layer.
8.1.4 Step four-relative stable forming of adhering layer
The thickness of the adhering layer can reach a relatively stable 
value, when the amount of inclusion extruded from the chip to form the 
adhering layer is about the same as the amount of extruded inclusion to be 
worn away along with the chip flow, then the adhering layer is in a 
dynamic equilibrium state, and hence it is formed in a relatively stable 
state.
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8.2 MAIN FACTORS THAT INFLUENCE THE FORMATION OF 
AEJHEfcJNG LAYER
The formation of adhering layer is influenced and controlled by 
many factors, such as the compositions of the cutting tool and the 
compositions of the inclusions in the free-cutting steels, the physical 
properties of the cutting tool and the inclusions (such as the wetting and 
adhering ability between the cutting tool and the inclusions), and the 
cutting speed which corresponds to cutting temperature. The following 
points are summarised as the main factors that influence the layer 
formation.
8.2.1 Influence of the cutting tool material on layer formation
Up to now, according to the results from this research and other 
investigations made by many researchers, various forms of adhering layer 
have been found only on TiC contained carbides inserts for machining 
various kinds of free-cutting steels. The oxide adhering layer can not be 
formed on the high speed steel cutting tool surface. The reasons for this 
might be explained as follows.
1) The chemical compound of TiC, which is a main composition of TiC 
carbide cutting tool, has a low heat conductivity, which is beneficial for 
the temperature increase of the tool-chip interface because the heat 
generated in the machining process is not easy to dissipate. And only
under high temperature can the ternary phase compound oxides 
(CaO-A120 3-S i0 2) have the proper plastic deformation ability and
therefore, there will be proper conditions for the softening of the 
inclusion in the free-cutting steels.
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2) During the machining process, the oxides TiO and Ti20 3 can be
generated and remained on the carbide cutting tool surface. Moreover, 
the affinity of Ti oxides to the Ca contained oxides is good. Therefore 
there will be a greater chance for the adhering layer to be formed on 
cutting tool surface if the amount of TiC content in cutting tool is 
bigger.
8.2.2 Influence of the inclusions compositions on layer formation
In order to form the adhering layer, the softening temperature and 
softening extent of the inclusions should correspond to and fit in with the 
increase of cutting tool temperature. The melting points of inclusions with 
different compositions are different. If the melting point is high and the 
cutting temperature is not high enough, then the softening extent of the 
inclusions will not be enough and it will be difficult for the formation of 
adhering layer. However, if the cutting temperature is near or over the 
melting point, then, due to increased fluidity, the inclusions are difficult to 
remain on cutting tool surface and are easily removed by chip flow, and 
therefore the formation of stable adhering layer will be difficult.
Through the experimental detection on melting points of oxides, 
and analysis from ternary phase diagram, the optimum composition 
proportions of different phase of oxides is obtained , which is favourable 
for the formation of adhering layer. The reasonable proportion of 
adhering layer is (CaO, MgO, MnO): Al20 3:Si02=(0.29~0.35):(0.2~0.4):(0.3~
0.47).
8.2.3 Influence of the cutting speed on layer formation
As a matter of fact, the cutting speed reflects the corresponding 
cutting temperature. It is well known that when the cutting speed is
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increased, the cutting temperature will also increase. It is only under 
proper cutting speed and hence proper cutting temperature, can the 
inclusions be in a proper softening state, and they can be extruded under 
the severe pressure during cutting process to form the adhering layer with 
certain thickness. During the experimental extent (V=100-300m/min), 
when the feed is fixed, the thickness of adhering layer increases as the 
cutting speed increases. This is because the increased cutting temperature 
makes the inclusions in the steel softer, thus makes it easy to be extruded 
and coated on the rake face. However, if the cutting speed exceeds 
V>300m/min, the cutting temperature increase further, near the melting 
point of the silicate inclusion, the fluidity of the inclusions and adhering 
layer near chip-layer interface will sharply increase, and the layer will be 
worn easily away by the chips, hence the layer thickness might reduce.
8.2.4 Influence of the feed rate on layer formation
It can be seen from figure 5-16, under the same cutting speed, layer 
thickness increases as the feed rate increases. The reason for this is when 
feed rate increases, the temperature will increase (according to the feed­
cutting temperature relation, Metal cutting Principle, M. C. Shaw) and thus 
results in the same effect as that for the increased cutting speed. On the 
other hand, when the feed rate increases, the pressure (cutting force) 
increases, the plastic deformation of metal in cutting zone is larger, and 
thus the extruding effect is relatively stronger. So the increased feed rate 
influences the extruding of inclusion and formation of adhering layer. The 
change of feed rate influences not only the cutting temperature, but also 
the compressive stress and the extruding effects.
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8.2.5 Influence of Other factors on layer formation
The main factors that influence the formation of stable adhering 
layer have been discussed in chapter 5. In addition to these factors, there 
are also some other factors which can influence the layer formation.
The content of the oxygen, aluminium and calcium in the steel can 
influence the formation trend and thickness of the adhering layer. Besides, 
it is also an essential requirement to allow a proper tool-chip action time 
for the formation of adhering layer .
In addition, the oxygen content in the atmosphere can also 
influence the thickness of adhering layer. According to the analysis on the 
ternary phase diagram, the increase of oxygen content will result in the 
decrease of the softening point of adhering layer. So relatively thicker 
adhering layer can be formed under conditions which is lack of oxygen.
8.3 WAYS TO PROMOTE THE FORMATION OF IDEAL ADHERING 
LAYER
Study has been carried out on the formation mechanism of 
adhering layer and the main factors which influence the layer formation. 
An important aim is to make use of the formation mechanisms of the 
adhering layer to prolong the tool life. That is, by controlling the cutting 
parameters and other relevant cutting conditions, the ideal adhering layer 
is expected to be formed, the abrasive wear and diffusion wear can be 
reduced and cutting tool life can be prolonged.
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Before discussing the ways to promote the formation of ideal 
adhering layer, it is necessary to define the concept of the 'ideal adhering 
layer'.
8.3.1 What is the ideal adhering layer
Since the adhering layer protect the tool from abrasive wear and 
diffusion wear, and the crater wear is reduced which is beneficial for 
maintaining the strength of the cutting edge and prolonging the tool life, 
the ideal adhering layer should have the following features.
1 ) The ideal adhering layer should be formed as quickly as possible. This 
is simply because if the formation of adhering layer takes too much 
time, there will be less or no protective effect of adhering layer on 
cutting tool. The ideal adhering layer should be formed quickly before 
the severe crater wear takes place.
2) The distribution of adhering layer should be relatively uniform. And 
hence the protective effect can be better
3) The adhering layer should be formed with a certain thickness and 
hardness in order to resist the abrasive wear and diffusion wear.
4) The adhering layer should be formed with relatively good chemical 
stability and adhering strength.
8.3.2 The ways to promote the formation of ideal adhering layer
The following ways could be adopted to promote the formation of 
ideal adhering layer.
1) More gehlenite inclusions should be promoted in the free-cutting steel. 
Since the plastic characteristic of gehlenite is better than anorthite at
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high temperature and thus it will be more suitable for the formation of 
ideal adhering layer.
2) In selecting the type of free-cutting steel, the Ca-S free-cutting steel is 
recommended to be given priority (compared with ordinary and 
Sulphur series of free-cutting stainless steel). This is because the 
comprehensive effect of calcium oxides and MnS is beneficial for the 
layer's adhering property and for the relatively uniform formation of 
the layer.
3) The inclusions which are favourable for the formation of adhering layer 
should be small in size and large in amounts. The inclusions should be 
distributed uniformly in the free-cutting steel base. In that way the 
opportunity can be greater for the cutting tool's running into the 
inclusions, and the chance for the inclusions to be extruded out and 
coated on rake face will be greater.
4) The ideal inclusions favourable for the formation of ideal adhering 
layer should also have proper plasticity at normal cutting conditions 
(commonly used cutting speed and feed) in order to be softened and 
extruded out, and have medium or over medium wetting ability and 
good chemical affinity to the cutting tool material (so that the extruded 
inclusions can be adhered on tool surface).
5) The formation of ideal adhering layer can also be promoted by 
controlling the cutting regime (eg. cutting speed and feed rate) in 
order to obtain the proper cutting temperature field, and therefore 
promote the extruding effect for the inclusion, and the stable formation 
of the adhering layer.
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CHAPTER 9
CONCLUSIONS AND SUGGESTIONS
The machinability and the formation of adhering layer during 
machining of the Ca-S free-cutting stainless steel have been investigated 
during the course of this research. The dissertation has presented the 
relevant investigation and analysis and finite element modelling and 
analysis based on that.
The research works have been carried out on the following aspects:
1. The machinability of the Ca-S free-cutting stainless steel. The 
machinability was studied by comparing the cutting force, cutting 
temperature, cutting tool life, cutting tool wear progression, chip 
breakability and the machined surface roughness of the ordinary 
stainless steel and Ca-S free-cutting stainless steel.
2. The investigation on the melting point of the inclusions in the free- 
cutting steel, as well as the wetting ability and chemical affinity of the 
inclusion to the cutting tool.
3. The relationship between cutting temperature and formation of 
adhering layer is investigated. The relation between the average cutting 
temperature in the cutting zone under different cutting speed and the
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composition proportions of main elements that form the adhering layer 
were studied.
4. The appearance, composition and distribution of adhering layer are 
examined by means of Scanning Electronic Microscope and Electronic 
Probe Microscopic Analysis.
5. The relationship between the adhering layer thickness and cutting 
regime, ie, the influence of cutting speed and feed rate on the patterns 
and thickness of adhering layer.
6. The tool wear progression with adhering layer formed on tool surface is
studied. The tool wear contours, under different length of cutting, are 
investigated in cross section along the direction parallel to the feed 
direction with distance of half cutting depth to tool nose. The quasi­
dynamic diffusion model with layer formed on tool face and the 
dynamic diffusion model without layer formed have been developed. 
Based on these work, the tool wear mechanism is discussed.
7. The cutting temperature field is investigated with a finite element 
modelling of cutting tool under the different cutting length and 
boundary conditions.
8. The formation mechanism of adhering layer. The deformation and 
extruding process of inclusions, and the theoretical model of adhering 
layer formation process are set up.
This research has been conducted to consider more realistic cutting
conditions. The following conclusions stated in section 9.1 were drawn on
the basis of this research.
9.1 CONCLUSIONS
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The following conclusions have been developed through the
investigation and theoretical analysis.
1. The investigation on the machinability of Ca-S free-cutting stainless steel
have shown the following points.
a) The cutting force for machining the Ca-S free-cutting stainless steel is 
reduced about 6-11% as compared with that for machining the 
ordinary stainless steel.
b) The cutting temperature for machining Ca-S free-cutting stainless 
steel is reduced about 12-18% as compared with that for machining 
the ordinary stainless steel.
c) The chip breakability for machining the Ca-S free-cutting stainless 
steel is good. Chips are formed in the short helical shape and C- 
shape. The chip breakability for machining ordinary stainless steel is 
bad.
d) The tool life for machining the Ca-S free-cutting stainless steel is 
about 3 times as compared with that for machining the ordinary 
stainless steel. This comprehensively shows that machinability of Ca-S 
free-cutting stainless steel is better than that of the ordinary stainless 
steel
e) For machining the free-cutting stainless steel, the machined surface 
roughness is a little bit better than that for machining the ordinary 
stainless steel.
2. The free-cutting mechanism for machining Ca-S free-cutting stainless 
steel lies in the following aspects.
a) The effect of microcrack from MnS inclusions.
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b) The calcium compound oxides as the sources of stress concentration 
and microcrack.
c) The effect of calcium compound oxides formed as adhering layer on 
cutting tool surface. The adhering layer prevent the cutting tool from 
abrasive wear and diffusion wear, and therefore the cutting tool life is 
prolonged, ie, the machinability is increased.
3. There are basically two types of non-metallic inclusions in the Ca-S free-
cutting stainless steel. One type is streak shaped sulphides (FeS and
MnS), the other type is round shaped compound oxide of (CaO, MgO, 
MnO, A120 3 Si02). These chemical compounds are the main
compositions to form the adhering layer on cutting tool surface.
4. When machining the Ca-S free-cutting stainless steel with TiC carbide
cutting tool, the adhering layer can be formed on cutting tool surface 
when machining with commonly used cutting depth, feed rate and 
cutting speed of V>100m/min. The adhering layer can be stably 
formed on tool face after a cutting length of 1500m. According to the 
energy-dispersive X-ray analysis (EDXA) in SEM, the main compositions 
of adhering layer are CaO, MgO, MnO, A120 3, Si02, FeS and MnS.
5. There are two types of adhering layer patterns when machining the free-
cutting stainless steel with different cutting regime. When f < 0.3 
mm/rev, and 100<V<300m/min, the adhering layer covers the rake 
face without crater wear. The location of adhering layer corresponds to 
the area where crater wear should take place if no adhering layer is 
formed on it. When V>300m/min, and f >0.3m/rev, the crater wear 
takes place and the adhering layer is mainly located in the valley of 
the crater near tool cutting edge.
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6. Many fine and close streaks appears on the surface of the layer, the
direction of the streaks is the same as the direction of the chip flow. 
The colour of the adhering layer is golden. And the thickness of the 
layer is uneven, there are still some naked part on rake face without 
adhering layer formed.
7. The distribution of different composition phases on tool rake face is
different. CaO is distributed uniformly in the whole area of adhering 
layer, MgO and A120 3 have greater density near tool nose. MnO and
Ti02 are distributed relatively far from tool edge. MnS is distributed in 
the area on tool face where the chip is separated from the tool rake 
face and the adhering layer will end.
8. During machining of Ca-S free-cutting stainless steel, the deformation of
inclusions in the first and second deformation zone is large. Some 
micro-crack generated at the boundary of the inclusions are connected 
with the cutting tool rake face. And therefore, under the effect of high 
cutting temperature and high pressure, the inclusions on the cutting 
line and above the cutting line (near cutting line) can be extruded 
from the chip and be smeared on cutting tool surface (mainly on rake 
face and a little on flank face).
9. The specific property of the inclusions in the aspect of temperature are
as follows: when the inclusions are heated to the temperature of 1180°
-1190°, the oxide inclusions begin to react on TiC carbide insert, the 
TiO and Ti02 are easy to be generated on the surface of TiC carbide
insert, and the Ti oxides are more stable than oxides of Fe, Mn and Si. 
When the cutting temperature reaches 1200°C, the inclusion begins 
softening. And it starts melting at 1300°C. The inclusion will melt 
completely when temperature reaches to 1325-1430° C.
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10. The optimum composition proportion of different oxide inclusions is 
determined by the specific properties of the inclusions in the aspect of 
temperature. Investigation and analysis on the ternary phase diagram 
indicate that, in order to form the ideal relative stable adhering layer 
when machining the Ca-S free-cutting stainless steel, the reasonable 
composition proportion of different oxides inclusions is, (CaO, MgO, 
MnO): Al20 3:Si02= (0.29- 0.35):(0.2~0.4):(0.3~ 0.47).
11. The natural and artificial thermocouple method have been proved to 
be effective. The detected layer-tool temperature distribution basically 
corresponds to the theoretical values.
12. The optimum average cutting temperature for the favourable 
formation of adhering layer is 950-1050° C. When the adhering layer is 
formed on cutting tool rake face, the temperature gradient of cutting 
tool along the direction vertical to rake face is much less than that 
without an adhering layer formed. To form the adhering layer, the 
chip-layer temperature should be maintained at about 900° which is 
favourable for the softness and extruding of the inclusion in the free- 
cutting steel. And the layer-tool temperature should be kept at about 
850° C, which is favourable for the adhering, hardening and relative 
stable forming of the layer.
13. Through the investigation on cutting temperature distribution along 
tool face and the finite element analysis on cutting tool temperature 
field, it is found that the stable cutting temperature field maintain the 
relative stable adhering layer. The layer thickness and layer 
composition distribution on the rake face correspond to the cutting 
temperature distribution on rake face and the cutting tool temperature 
field.
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14. The formation process of the adhering layer can be summed up as: 
plasticity and extrusion, adhering and coating, hardening and 
thickening and then relatively stable forming.
9.2 SUGGESTIONS FOR FURTHER WORK
The formation of an adhering layer during tool wear progression as 
well as the influence of various parameters and conditions on the 
machinability and patterns of layer formation were analysed and 
presented in this thesis.
Realising the scope of the thesis is limited and can be broadened 
extensively in many areas, suggestions for further work in relation to this 
research are considered in this section.
1 ) It is a trend to study the machining process in a dynamic state instead 
of static state, therefore, it is recommended that further study on the 
formation process of adhering layer be conducted by means of in­
process micro-machining equipment and scanning electronic 
microscope connected with high speed photography.
2) The experimental method for the detection of the highest cutting 
temperature in cutting zone should also be studied. Research work on 
the theoretical model for the calculation of cutting temperature should 
be made with the aims of higher accuracy.
3) Investigation and finite element analysis should be earned out on the 
cutting temperature distribution under different cutting conditions. In 
order to obtain more data for the analysis of the formation mechanism 
of adhering layer, further study on the relation between the formation
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of adhering layer and cutting conditions is expected to be done. 
Although the plastic deformation and stress distribution of cutting tool 
at tool nose region could be extremely complex, the application of 
finite element method is expected to be extended to three dimensional 
calculation and analysis with the consideration of various detail and 
specific conditions.
4) To study exactly the optimum cutting conditions for the stable 
formation of proper adhering layer. Further refinement of the analysis 
should also be performed to include time effect on the material 
properties including plastic deformation, etc.
Although the results obtained from the present research are 
promising, the work need to be complemented and extended. The 
predicted model of extruding and coating process of inclusions on 
cutting tool, the cutting tool's diffusion wear model and adhering layer 
formation model need to be validated by more investigation under 
different conditions.
172
References
REFERENCES
1 E. M. Trent, "Metal Cutting", Butterworths, London, 1977.
2 M. C. Shaw, "Metal Cutting Principles", Oxford University Press, New York,
1984.
3 H. Opitz, "Tool Wear and Tool Life", Proc. Int. Production Engineering 
Research Conf, Pitsburg, ASME, New York, (1963) 107-113.
4 Keiji. Okushima, Tetsutarou. Hoshi and Norihiko. Narutaki, "Behavior of 
Oxide-layer Adhered on Tool Surface when Machining Ca-Deoxidized 
Steel", Journal of the Japan Society of Precision Engineering, 34 (1968) 
478-485.
5 H. Yamada, S. Yoshida and A. Kimura, "On the Appearance of Inclusion in 
Ca-free Cutting steel and Its Machinability", Journal of the Iron and Steel, 
Institute of Japan, 57(13) (1971) 2111-2118.
6 M. Hiao, Nishikawa and T. Sata, "Behavior of the Adhered Layer on Cutting 
Tool Surface when Deoxidized Steel Is Machined", Journal of Japan Society 
of Precision Engineering, 41(5) (1975) 442-449.
7 Y. Yamane, H. Usuki, B. Yan and N. Narutaki, "The Formation of a Protective
Oxide Layer in Machining Resulphurized Free-Cutting Steels and Cast 
Irons", Wear, 139 (1990) 195-208.
8 J. Pietikainen, " Investigation of the Effects of Argon Atmosphere on the
Formation of the Inhibiting Oxide Layers on Sintered Carbide Tools , Int.
173
References
Sypo. on Influence of Metallurgy on Machinability of Steel, Sept., 1977, 
Tokyo.
9 T. Araki, M. Osawa and S. Yamamoto, "Review on the studies for improving
machinability of steel in Japan", Proc. Conf. on Influence of metallurgy on 
the machinability of engineering materials, (ed. R. W. Thompson), Metals 
Park, OH, ASM Publ., (1982) 3-14.
10 S. A. Iodlovsky," Influence of the Deoxidizing Technique of the Steel on its 
Machining ", Int. Sypo. on Influence of Metallurgy on Machinability of 
Steel, Sept. 1977, Tokyo.
11 V. A. Tipnis, "Influence of Metallurgy on Machinability-Free Machining 
Steels", On the Art of Cutting Metals-75 Years Later, ASME Publ., (1982) 
119-131.
12 H. Kankaanpaa, H. Pontinen and A. S. Korhonen, "Machinability of calcium- 
treated steels using TiN-coated high-speed steel tools", Mater. Sci.Technol., 3 
(1987) 155-158.
13 O. Bletton, R. Duet and P. Pedarre, "Influence of Oxide Nature on the 
Machinability of 316L Stainless Steels", Wear, 139 (1990) 179-193.
14 T. Kato, S. Abeyama, A. Kimura and S. Nakamura. "The Effect of Ca Oxide 
Inclusions on the Machinability of Heavy Duty Steels", Proceedings of 
International Conference on the Influence of Metallurgy on the 
Machinability o f Engineering Materials, Rosemont, Illinois, 13-15, 
American Society of Metals, (1982) 323-337.
15 R. Kiessling, "Non-Metallic Inclusions in Steels", the Institute of Metals 
press, London, 1989.
174
References
16 N. Norihiko, "Cutting performance of Carbide tools Coated or Sintered with 
Complex Oxides", Ann. CIRP, 25(1) (1976) 93-98.
17 Y. Naerheim and E. M. Trent, "Diffusion Wear of Cemented Carbide Tools 
when Cutting Steel at High Speeds", Met. Techno., 4(12) (1977) 548-559.
18 N. Narutaki and Y. Yamane, "Effect of Non-Metallic Inclusions on the 
Diffusion Wear of Cutting Tools", J. Japan Society of Precision Engineering, 
48(4) (1982) 463.
19 P. A. Deamley and E. M. Trent, "Wear Mechanisms of Coated Carbide 
Tools", Mater. Technol., 9 (1982) 60-75.
20 A. Nordgren and A. Melander, "Deformation Behaviour of Different Types of 
Inclusion During Chip Formation in Turning of Quenched and Tempered 
Steels", Mater. Sci. Technol., 5 (1989) 940-951.
21 A. Nordgren and A. Melander, "Tool Wear and Inclusion Behaviour During 
Turning of a Calcium-Treated Quenched and Tempered steel Using Coated 
Cemented Carbide Tools", Wear, 139 (1990) 209-223.
22 P. A. Deamley and E. M. Trent, "Wear Mechanisms of Coated Carbide 
Tools", Mater. Technol., 9 (1982) 60-75.
23 X. D. Fang, "Experimental Investigation of Overall Machining Performance 
with Overall Progressive Tool Wear at Different Tool Faces", Wear, 173 
(1994) 171-178.
24 H. Chandrasekaran and J. O. Johansson, "Chip Flow and Notch Wear 
Mechanisms during the Machining of High Austenitic Stainless Steels , Ann. 
CIRP, 43(1) (1994) 101-105.
175
References
25 P. Helisto, Elisto, A. S. Helle and J. Pietikainen, "Interface Phenomena 
between Oxide Layers and Cemented Carbide Tools", Wear, 139 (1990) 225­
234.
26 Nakatani Seiji, Asai Takeshi, "New Technology on the Machining of Stainless
steel", Mechanical Technology, 26(4) (1978) 33-38.
27 Mochizuki Hideaki, "Turning of Stainless Steel-Small Components", 
Mechanical Technology, 26(4) (1978)48-51.
28 Kouichi Hoshi, Tetsutarou Hoshi, "Metal Cutting Technology", 1982.
29 Tetsuro Itou, et al. "Investigation on the Relation between the Cutting 
Temperature and the Melting Point of the Oxide Inclusion in the Ca Free- 
cutting steel", Denki Seiko, 44(1).
30 J. T. Black, "Mechanics of Chip Formation", Metal Handbook, Metal Park, 
OH, American Society for Metals, 16 (1989) 7-12
31 Norihiko Narutaki, et al, "The Effect of the Non-metallic Inclusion in the steel 
on the Diffusion Wear of Cutting Tool", Precision Engineering, 48(4) (1982).
32 Edward H. Smith, "Mechanical Engineer's Reference Book", Twelfth Edition,
Butterworth-Heinemann ltd, 1994 pp7/l ~ 7/180.
33 Hideharu Usui, "Theory of Metal Cutting and Grinding", Japanese Technical
Publications, 1981.
34 A. Ber and M. Goldblatt, "The Influence of Temperature Gradient on Cutting 
Tool's Life", Annals ofCIRP, 38 (1) (1989) 69-73.
35 A. Ber, "The Effect of Abrasion and Thermal Properties of the Cemented 
Carbide Cutting Tool Grade on the Flank Wear Characteristics". ASME 
Transaction Journal of Engineering for Industry, 95 (1973) 794-796.
176
References
36 E. F. Smart and E. M. Trent, "Coolant and Cutting Tool Temperature", Int.
Machine Tool Design and Research Conference, 15th Proceeding, 
Birmingham, England, Sept. 1974.
37 E. Lenz, Z. Katz and A. Ber, "Investigation on the Flank Wear of Cemented
Carbide Tools". ASME Transaction Journal of Engineering for Industry, 98 
(1) 246-250.
38 S. M. Wu and R. N. Meyer, "Cutting Tool Temperature Prediction Equation by
Response Surface Methodology", Journal of Engineering for Industry, Trans. 
ASME, 86 (1964) 150-156.
39 S. M. Wu, "Tool life Testing by Response Surface Methodology, Part I", 
Journal o f Engineering for Industry, Trans. ASME, 86 (1964) 111-116.
40 O. D. Prins, "The Influence of Wear on the Temperature Distribution at the
Rake Face", Annals of CIRP, 19 (1970) 525.
41 J. C. Balint and R. H. Brown, "A Note on the Investigation of Rake Face Tool
Wear", Int. Journal of Machine Tool Design and Research, 4 (1964) 117-122.
42 I. Ham, T. Hoshi and G. C Thuering, "Performance of Tungston Carbide,
Titanium Carbide and Oxide Tools in Finish Turning C-30 Grey C. I.", 
Journal o f Engineering for Industry, Trans. ASME, 87 (1965) 347.
43 N. N Zorev, "Mechanics of Metal Cutting" Pergomen Press, London, 1966.
44 H. Chandrasekaran and D. V. Kapoor, "Photoelastic Analysis of Tool-Chip
Interface Stresses", Journal o f Engineering for Industry, Trans. ASME, 87 
(1965) 495-502.
177
References
45 P.F. Thomason, Stress Distribution in a Wedge for Boundary Conditions
Approximating to the Rake-Face Loads on a Metal Cutting Tool", Journal of 
Mechanical Engineering Science, 3 (1973) 200-209.
46 T. H. C. Childs and G. W. Rowe, "Physics in Metal Cutting", Rep. Prog.
Phys., 36 (1973) 223-230.
47 L. Ahman, B. Stridh and H. Wisell, "Diffusion and Continuous Wear of High
Speed Steel Cutting Tools", Mater. Sei. Technol., 1 (1985) 156.
48 R. N. Meyer and S. M. Wu, "An Analysis of the Development of Carbide Tool
Crater Wear", Int. Journal of Machine Tool Design and Research, 7 (167) 
123.
49 N. Zlatin, "Wear of Cutting Tools and Tool Life", Proceeding of Int. Research
& Production Engineering Conf.., Pittsburgh, (1963) 102.
50 A. J. Pekelharing, "Some Special Aspects of Carbide Tool Wear", Proc. Int.
Res. Prod. Engng. Conf., Pittsburgh, (1963) 114.
51 V. C. Venkatesh, V. Radhakrishnan and J. Chandramowli, "Wear Propagation
in Cutting Tools", Annals ofCIRP, 17 (1969) 317-323.
52 W. König, K. Langhammer, H. U. Schemmel, et al. "Correlations Between
Cutting Force Components and Tool Wear", Annals of CIRP, 21 (1) (1972) 
19-20.
53 H. Opitz and W. König, "On The Wear of Cutting Tools", Adv. Mach. Tool
Des. Res., 1 (1967) 173.
54 K. J. Trigger and B. T. Chao, "The Mechanism of Crater Wear of Cemented
Carbide Tools", Trans. ASME, 78 (5) (1956) 1119.
178
References
55 H. Kato and K. Yamaguchi, "Stress Distribution at the Interface between Tool
and Chip in Machining", J. Eng. Ind., 94 (2) (1972) 683.
56 N. Narutaki and Y. Yamane, "Wear Mechanism of Carbide Tool Based on the
Reaction between Tool and Work Material", Proc. 2nd Int. Conf. on 
Production Engineering Research, Tokyo, 1976, Japan Society of Precision 
Engineering, 190.
57 S. Ramalingam and J. D. Watson, "Inclusion Chemistry Control for 
Machinability Enhancement in Steels", Mater. Sci. Eng., 43 (1980) 101.
58 E. Usui and T. Shirakashi, "Analytical Prediction of Cutting Tool Wear",
WEAR, 100(1984) 129-151.
59 I. V. Rao and G. K. Lai, "Tool life at High Cutting Speeds", Int. J. Mach. Tool 
Des, 17 (1977) 235-243.
60 A. Bhattacharyya, A. Ghosh and Inyong Ham, "Analysis of Tool Wear Part II:
Applications of Flank Wear Models", Trans. AS ME, J of Engineering for 
Industry, Feb., (1970) 109-114.
61 C. K. Singh and S. Vajpayee, "Evaluation of Flank Wear on Cutting Tools",
WEAR, 62 (1980) 247-254.
62 A. K. Chattopadhyay and A. B. Chattopadhyay, "Wear Characteristics of 
Ceramic Cutting Tools In Machining Steel", WEAR, 93 (1984) 347-359.
63 A. H. Redford, "The effect on Cutting Tool Wear of Various Types of Chip
Control Device", Annals ofCIRP, 29 (1980) 67-71.
64 K. Nagasaka and F. Hashimoto, "The Establishment of a Tool Life Equation
Considering the Amount of Tool Wear", WEAR, 81 (1982) 21-31.
179
References
65 N. P. Suh, "New Theories of Wear and their Implication for Tool Life",
WEAR, 62 (1980) 1-20.
66 A. K. Sheikh, "Tool-Life Variability and its Significance in Automated 
Production", Ph. D. Thesis, Michigan Technological University, Michigan,
1978.
67 Samir B. Billatos, Abdel E. Bayoumi and L. Alden Kendall, "A Statistical 
Wear Model for Certain Tool Materials with Applications to Machining", 
WEAR, 112(1986)257-271.
68 T. H. C. Childs and M.I. Mahdi, "On the Stress distribution Between the Chip
and Tool During Metal Turning", Annals of the CIRP 38 (1) (1989).55-58.
69 I. S. Jawahir, "The Tool Restricted Contact Effect as a Major Influenceing
Factor in Chip Breaking", Annals of CIRP, 37 (1) (1988) 121-124.
70 W. E. Royer, "Making Stainless More Machinable-303 Super X", Autom. 
Mach., 47 (5) (1986) 47-49.
71 H. Yaguchi,"Effect of MnS Inclusion Size on Machinability of Low-Carbon,
Leaded, Resulfurized Free-Machining Steel", J. Appl. Metalwork, 3 (3) 
(1985) 518-520.
72 E. J. A. Armarego and R. H. Brown, "The Machining of Metals", Prentice-
Hall, Inc. Englewood Cliffs, New Jersey, 1969.
73 S. S. Silin, "Methods Related to Metal Cutting", Machine and Machine Tool,
1979, 12-52.
74 Donald Peckner and I. M. Bernstern, "Hand Book of Stainless Steel , 
McGraw-Hill Book Company, 1977, ppl9-l ~ 21-1.
180
References
75 Theodore Baumeister, "Standard Handbook for Mechanical Engineers", New
York, McGraw-Hill, Inc. 1978, 1-120.
76 Benjamin W. Niebel, Alan B. Draper aand Richard A. Wysk, "Modern 
Manufacturing Process Engineering", American Society of Tool and 
Manufacturing Engineers, (1989) 14-53.
77 "Metals Handbook" , Desk Edition, American Society for Metals, Metals Park,
Ohio, (1985) ppl8.1-18.36.
78 S. Kalpakjian, "Manufacturing Engineering and Technology", Third Edition,
Addison-Wesley Pulishing Company, USA, 1995, 103-114.
79 "Tool and Manufacturing Engineers Handbook", Society of Manufacturing, 
Dearborn, Michigan Vol. 1 (1983), pp3-l ~3-48.
80 J. R. Davis, "Tool Materials", ASM International Materials Park, OH, 1995, pp
1-32 & pp77-100.
81 J. A. Swartley-loush, "Tool Materials for High-Speed Machining", Conference
Proceedings on Advances in Tool Materials for Use in High Speed 
Machining, Scottsdale, Arizona, (1987) ppl-67.
82 "MSC/NASTRAN User's Manual", The MacNeal-Shwendler Corporation,
1989, Vol. 1.
83 "Getting Started with MSC/NASTRAN-User's Guide", First Edition, The 
MacNeal-Shwendler Corporation, 1993
84 "MSC/NASTRAN Quick Reference Guide", Version 67, MacNeal-Shwendler
Corporation, 1993.
85 J. S. Strenkowski and J. T. Carroll, "A Finite Element Model of orthoganal
Metal Cutting", Journal o f Engineering for Industry, 107 (1985) 319-354.
181
References
86 J. S. Strenkowski and G. L. Mitchum, "An Improved Finite Element Model of
Orthogonal Metal Cutting", Proc. North American Manufacturing Research 
Conf, Bethlehem, Pennsylvania, (1987) 506-509.
87 A. O. Tay, M.G. Stevenson and G. de Vahl Davis, "Using the Finite Element
Method to Determine Temperature Distributions in Orthogonal Machining", 
Proc. Inst. ofMech. Engrs., 188 (1974) 627-638.
88 A. O. Tay, M. G. Stevenson, and G. de Vahl Davis,, "A Numerical Method for
Calculating Temperature Distributions in Machining, From Force and Shear 
Angle Measurements", Int. Journal of Machine Tool Design and Research, 
16 (1976) 335-349.
89 M.G. Stevenson, P. K. Wright and J. G. Chow, "Further Developments in
Applying the Finite Element Method to the Calculation of Temperature 
Distributions in Machining and Comparisons with Experiment", ASME 
Journal of Engineering for Industry, 105 (1983) 149-154.
90 J. G. Chow and P. K. Wright, "On-Line Estimation of Tool/Chip Interface
Temperatures for Turning Operation", ASME Journal of Engineering for 
Industry, 110 (1988) 56-64.
91 J. S. Strenkowski and Kyoung-jin Moon, "Finite Element Prediction of Chip 
Geometry and Tool/Workpiece Temperature Distributions in Orthogonal 
Metal Cutting", ASME Journal of Engineering for Industry, 112 (1990), 313­
318.
92 K. Komvopoulos and S. A. Erpenbeck, "Finite Element Modeling of 
Orthogonal Metal Cutting", ASMEJ. of Eng. for Ind., 113 (1991) 253-267.
93 A. J. Shih, S. Chandrasekar and H. T. Yang, "Finite Element Simulation of
Metal Cutting Process with Strain-Rate and Temperature Effects , B. E.
182
References
Klamecki and K. J. Weinmann. ED., Foundamental Issues in Machining, 
ASMEPED-Vol. 43 (1990) 11-24.
94 A. J. Shih, "Finite Element Analysis of the Rake Angle Effects in Orthogonal
Metal Cutting", Manufacturing Science and Engineering, 64 (1993) 475-483.
95 P. K. Wright, "Correlation of Tempering Effects with Temperature 
Distributions in Cutting Tools", ASME Journal of Engineering for Industry, 
100(1978) 131-136.
96 M. G. Stevenson and K. R. Duncan, "Effect of Manganese Sulphide Inclusions
on the Tool/Chip Interface Shear Stress in Machining of Low-Carbon Steel", 
Journal of the Iron and Steel Inst., 211 (1973) 710-717.
97 M. G. Stevenson, "A Revised Finite Element Program for Calculation of 
Temperature Distributions in the machining Process", University of N. S. W., 
School of Mechanical and Industrial Engineering, Report No. 1982/IE/2, 
March 1982.
183
Appendices
APPENDIX 1
XL and NA$TRAN Menu Command
1 Input ^jodal Points
-Geometry
-Points
Define Points
X —
Y “
z —
CID —
Output —
DO IT HELP
Input x, y, z coordinates with the middle button (change button) on mouse.
2 Connect tyocfe Points
-Geometry 
-Curve 
-Fit Point
Menu
points —■
num o f curves 
Output —
DO IT HELP
Select nodes to be connected with left button (pick button) on the mouse.
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3 c i8SiiRP Surfaces
-Geometry
-Surfaces
Connect Curve
/Align
Curve 1
Curve 2
ON Surf
W eight 1
W eight 2 —
Output —
DO IT HELP
Connect curves use pick button on mouse.
4 Create a Mesh
-FEM
-Mesh
-Parametric Mesh
-Surface _______________
MeshParameter Surface
Surface —
Type —
U —
V —
Pattern —
Uspace —
Vspace —
Grid Ids—
Output —
n o  it HELP
eg. if Uspace=5, the size of the last element in the u direction will be 5 times as long as the first elem< 
change button to input the values of u and v to decide the element number along the u and v directior
Tn Delete D»|p||cated Mesh Mumbers
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-FEM
-Check FpM  
-Duplicate Gride 
-Find & Equivalence
5 Ingut Properties  
-FEM  
-Properties 
P it*  PSjfiell
6 HaJerials
-FEM
-Materials
-Use change button to click Edit Mat, pick Mat 4
-Use change button , input value. Pick Accept.
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K thermal conductivity 
CP specific heat
7. Constraints
-FEM
-Constraints
U  t !
-Edit SPC  
-By Grid Id
SPC ( Single Poipt Constraint) 
DOF (Degree of Freedom)
Edit SPC
/Create
SPCSet --> 
Gridlds -->
DOF
Value
-->
-->
Accep Resto Help
8 Input Loads
-FEM
-Loads
-Use change button, click Edit, pick TEMPD
Edit Temp
/Create 
TempSet --> 
Gridlds —> 
Temp -->
Accep Resto Help
Use change button to input the value, then pick Accept. Cancel this menu (use right button on the mo
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-Pick TEM PD
Edit TempD
/Create
TempSet -->
Temp -->
Accep Resto Help
Use change button to input the value, then pick Accept. TEMPD is used to set the initial temperature.
9 Wfite Input File in 1 XL1 for NASTRAN
-Analysis
-Using I^SC/MASTRAN 
-Write Input File
Write Input File
/E xec
/Case
/Bulk
SELIST =0
File = 0
p o rr HELP
-Change File
Use pick button (left button) to click New. Type in filename.dat. (eg. Newmat15.dat) 
-DO IT (Wrije Input File) (Now Wait)
—Type M Exit " to exit ' MSC/XL'
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IVJSP/NASTRAN Input File
*.dat
/home/postgrad/dz49/
01km.dat
075km.dat
.fin /
. waste basket/
New
10 Solve firojj|f>m
-Type $ rlogjjn cadsunl in Command Tool Window
-Type $nastran M filename".dat (For example, Newmat15.dat)
-Then the following message will appear
CmdTool - /bin/sh
$ nastran " filename".dat 
MSC/NASTRAN(SUNSunOS) "date" 
MSC/NASTRAN beginning job Newmatl5 (now wait)
MSC/NASTRAN Newmat 15 complete
_ $ ______________ ________________________________________
-Type $ * exit"
11 P|splS¥lna WlP Resu'ts
-To view your results, start MSC/XL again but this time use the database with
the " .xdb" extension..1» - * :
To Look at the Temperature Contours 
-Pick 1 Results Process'
-Pick ' ResultsTable'
-Change 1 Type ResultsDB1 
-Pick ' Resultslmport'
-Change ' F ile '
-Pick " filenameM.ext 
-Pick ' Contours'
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-Pick ' Plot in V ie w '
t • • t
To Generate a Plot F ile 1 filenamewps 
-Pick 1 T a b le '
-Pick ' Harcjcopy'
-Type M replay on " in the blue bar on command line
-Pick 1 Resu|t Process
-Pick 1 Result Process1
-Pick ' Contours'
-Pick ' Plot in v ie w 1
-Type " replay off ■
-Type 1 e x it1
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APPENDIX 2
Program for peculation of Cutting Tool Temperature Field with adhering layer formed
ID MSC-XL, MSC-NASTRAN 
SOL 153 $ V66 - Static Analysis 
TIME 10 
CEND
TITLE *  MSC/NASTRAN —  MSC/XL 
ANALYSIS » HEAT 
THERMALiPUNCH) -  ALL 
FLUX »AU .
SPC=10
TEMPilNIT) = 1200 
NLPARM m 160 
$ ESE » ALL 
$
BEGIN BULK
$
NLPARM, 160 
PARAM POST 0 
PARAM AUTOSPC YES
$...... 2..... .3.......4...... 5...... 6...... 7...... 8...... 9...... 10
$ THIS SECTION CONTAINS BULK DATA FOR SUPERELEMENT 0
$
TEMPD 1200 20.
$
GRID 1 0.0 0.0 0.0
GRID 2 .1005 0.0 0.0
GRID 3 .1995 0.0 0.0
GRID 4 .3 0.0 0.0
GRID 5 .4005 0.0 0.0
GRID 6 .4995 0.0 0.0
GRID 7 .6 0.0 0.0
GRID 8 .7005 0.0 0.0
GRID 9 .7995 0.0 0.0
GRID 10 .9 0.0 0.0
GRID 11 .9975 0.0 0.0
GRID 12 1.104 0.0 0.0
GRID 13 1.2225 0.0 0.0
GRID 14 1.3545 0.0 0.0
GRID 15 1.5 0.0 0.0
GRID 16 .00546 .054 0.0
GRID 17 .105594.054 0.0
GRID 18 .204234.054 0.0
GRID 19 .304368.054 0.0
GRID 20 .404502.054 0.0
GRID 21 .503142.054 0.0
GRID 22 .603276.054 0.0
GRID 23 .703410.054 0.0
GRID 24 .80205 .054 0.0
GRID 25 .902184.054 0.0
GRID 26 .999329.054 0.0
GRID 27 1.10544.054 0.0
GRID 28 1.22351 .054 0.0
GRID 29 1.35503.054 0.0
GRID 30 1.5 .054 0.0
GRID 31 .01092 .108 0.0
GRID 32 .110688.108 0.0
GRID 33 .208968.108 0.0
GRID 34 .308736.108 0.0
GRID 35 .408504.108 0.0
GRID 36 .506784.108 0.0
GRID 37 .606552.108 0.0
GRID 38 .706320.108 0.0
GRID 39 .8046 .108 0.0
GRID 40 .904368.108 0.0
GRID 41 1.00116.108 0.0
GRID 42 1.10688.108 0.0
GRID 43 1.22452.108 0.0
GRID 44 1.35556.108 0.0
GRID 45 1.5 .108 0.0
GRID 46 .01638 .162 0.0
GRID 47 .115783.162 0.0
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GRID 46 .213701 .162 0.0
GRID 49 .313104.162 0.0
GRID 50 .412507 .162 0.0
GRID 51 .510425 .162 0.0
GRID 52 .609828 .162 0.0
GRID 53 .709231 .162 0.0
GRID 54 .807149 .162 0.0
GRID 55 .906552 .162 0.0
GRID 56 1.00299.162 0.0
GRID 57 1.10832.162 0.0
GRID 58 1.22553 .162 0.0
GRID 59 1.35609.162 0.0
GRID 60 1.5 .162 0.0
GRID 61 .021749 .2151 0.0
GRID 62 .120792 .2151 0.0
GRID 63 .218356 .2151 0.0
GRID 64 .317399 .2151 0.0
GRID 65 .416442 .2151 0.0
GRID 66 .514007 .2151 0.0
GRID 67 .613049 .2151 0.0
GRID 66 .712092 .2151 0.0
GRID 69 .809657 .2151 0.0
GRID 70 .9087 .2151 0.0
GRID 71 1.00479 .2151 0.0
GRID 72 1.10974 .2151 0.0
GRID 73 1.22652 .2151 0.0
GRID 74 1.35661 .2151 0.0
GRID 75 1.5 .2151 0.0
GRID 76 .027209 .2691 0.0
GRID 77 .125886 .2691 0.0
GRID 78 .223090 .2691 0.0
GRID 79 .321767 .2691 0.0
GRID 80 .420444 .2691 0.0
GRID 81 .517648 .2691 0.0
GRID 82 .616325 .2691 0.0
GRID 83 .715002 .2691 0.0
GRID 84 .812207 .2691 0.0
GRID 85 .910884 .2691 0.0
GRID 86 1.00662 .2691 0.0
GRID 87 1.11118 .2691 0.0
GRID 88 1.22753 .2691 0.0
GRID 89 1.35714.2691 0.0
GRID 90 1.5 .2691 0.0
GRID 91 .032669 .3231 0.0
GRID 92 .130980 .3231 0.0
GRID 93 .227824 .3231 0.0
GRID 94 .326135.3231 0.0
GRID 95 .424446 .3231 0.0
GRID 96 .521290 .3231 0.0
GRID 97 .619601 .3231 0.0
GRID 98 .717913 .3231 0.0
GRID 99 .814756 .3231 0.0
GRID 100 .913068 .3231 0.0
GRID 101 1.00844 .3231 0.0
GRID 102 1.11262.3231 0.0
GRID 103 1.22854 .3231 0.0
GRID 104 1.35767 .3231 0.0
GRID 105 1.5 .3231 0.0
GRID 106 .042224.4176 0.0
GRID 107 .139895 .4176 0.0
GRID 108 .236108.4176 0.0
GRID 109 .333779.4176 0.0
GRID 110 .431450 .4176 0.0
GRID 111 .527663 .4176 0.0
GRID 112 .625334.4176 0.0
GRID 113 .723005.4176 0.0
GRID 114 .819219.4176 0.0
GRID 115 .91689 .4176 0.0
GRID 116 1.01165.4176 0.0
GRID 117 1.11515.4176 0.0
GRID 118 1.23031 .4176 0.0
GRID 119 1.3586 .4176 0.0
GRID 120 1.5 .4176 0.0
GRID 121 .054509 .5391 0.0
GRID 122 .151357 .5391 0.0
GRID 123 .246759 .5391 0.0
GRID 124 .343607 .5391 0.0
GRID 125 .440455 .5391 0.0
GRID 126 .535858 .5391 0.0
GRID 127 .632705 .5391 0.0
GRID 128 .729553 .5391 0.0
GRID 129 .824956 .5391 0.0
GRID 130 .921804 .5391 0.0
GRID 131 1.01576.5391 0.0
GRID 132 1.11839.5391 0.0
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GRID 133 1.23258 .5391 0.0
GRID 134 1.35979.5391 0.0
GRID 135 1.5 .5391 0.0
GRID 136 .070434.6966 0.0
GRID 137 .166215.6966 0.0
GRID 138 .260566.6966 0.0
GRID 139 .356347.6966 0.0
GRID 140 .452128.6966 0.0
GRID 141 .546479.6966 0.0
GRID 142 .642260.6966 0.0
GRID 143 .738041 .6966 0.0
GRID 144 .832393.6966 0.0
GRID 145 .928174.6966 0.0
GRID 146 1.0211 .6966 0.0
GRID 147 1.12259.6966 0.0
GRID 148 1.23553 .6966 0.0
GRID 149 1.36133.6966 0.0
GRID 150 1.5 .6966 0.0
GRID 151 .091 .9 0.0
GRID 152 .185403 .9 0.0
GRID 153 .278397 .9 0.0
GRID 154 .3728 .9 0.0
GRID 155 .467203 .9 0.0
GRID 156 .560197.9 0.0
GRID 157 .6546 .9 0.0
GRID 158 .749003 .9 0.0
GRID 159 .841997 .9 0.0
GRID 160 .9364 .9 0.0
GRID 161 1.02799 .9 0.0
GRID 162 1.12802 .9 0.0
GRID 163 1.23933 .9 0.0
GRID 164 1.36333.9 0.0
GRID 165 1.5 .9 0.0
$
$The following section identifies the heat boundaries where tool 
$and chip is interfaced
$...... 2...... 3...... 4...... 5.......6...... 7...... 8...... 9...... 10...
CHBDYP 4 10 POINT 2 140 +CHP4
+CHP4 0.0 1.0 0.0
CHBDYP 5 10 POINT 2 2 3 140 +CHP5
+CHP5 0.0 1.0 0.0
CHBDYP 6 10 POINT 2 2 4 140 +CHP6
+CHP6 0.0 1.0 0.0
CHBDYP 7 10 POINT 2 2 5 140 +CHP7
+CHP7 0.0 1.0 0.0
+CHP8CHBDYP 8 10 POINT 2 2 6 140
+CHP8 0.0 1.0 0.0
+CHP9CHBDYP 9 10 POINT 2 2 7 140
+CHP9 0.0 1.0 0.0
+CHP10CHBDYP 10 10 POINT 2 2 8 140
+CHP10 0.0 1.0 0.0
+CHP11CHBDYP 11 10 POINT 2 2 9 140
+CHP11 0.0 1.0 0.0
$
PHBDY 10 0.02
CQUAD4 1 1 1 2 17 16
CQUAD4 2 1 2 3 18 17
CQUAD4 3 1 3 4 19 18
CQUAD4 4 1 4 5 20 19
CQUAD4 5 1 5 6 21 20
CQUAD4 6 1 6 7 22 21
CQUAD4 7 1 7 8 23 22
CQUAD4 8 1 8 9 24 23
CQUAD4 9 1 9 10 25 24
CQUAD4 10 1 10 11 26 25
CQUAD4 11 1 11 12 27 26
CQUAD4 12 1 12 13 28 27
CQUAD4 13 1 13 14 29 28
CQUAD4 14 1 14 15 30 29
CQUAD4 15 1 16 17 32 31
CQUAD4 16 1 17 18 33 32
CQUAD4 17 1 18 19 34 33
CQUAD4 18 1 19 20 35 34
CQUAD4 19 1 20 21 36 35
CQUAD4 20 1 21 22 37 36
CQUAD4 21 1 22 23 38 37
CQUAD4 22 1 23 24 39 38
CQUAD4 23 1 24 25 40 39
CQUAD4 24 1 25 26 41 40
CQUAD4 25 1 26 27 42 41
CQUAD4 26 1 27 28 43 42
CQUAD4 27 1 28 29 44 43
CQUAD4 28 1 29 30 45 44
CQUAD4 29 1 31 32 47 46
193
Appendices
CQUAD4 30 1
CQUAD4 31 1
CQUAD4 32 1
CQUAD4 33 1
CQUAD4 34 1
CQUAD4 35 1
CQUAD4 36 1
CQUAD4 37 1
CQUAD4 38 1
CQUAD4 39 1
CQUAD4 40 1
CQUAD4 41 1
CQUAD4 42 1
CQUAD4 43 1
CQUAD4 44 1
CQUAD4 45 1
CQUAD4 46 1
CQUAD4 47 1
CQUAD4 48 1
CQUAD4 49 1
CQUAD4 50 1
CQUAD4 51 1
CQUAD4 52 1
CQUAD4 53 1
CQUAD4 54 1
CQUAD4 55 1
CQUAD4 56 1
CQUAD4 57 1
CQUAD4 58 1
CQUAD4 59 1
CQUAD4 60 1
CQUAD4 61 1
CQUAD4 62 1
CQUAD4 63 1
CQUAD4 64 1
CQUAD4 65 1
CQUAD4 66 1
CQUAD4 67 1
CQUAD4 68 1
CQUAD4 69 1
CQUAD4 70 1
CQUAD4 71 1
CQUAD4 72 1
CQUAD4 73 1
CQUAD4 74 1
CQUAD4 75 1
CQUAD4 76 1
CQUAD4 77 1
CQUAD4 78 1
CQUAD4 79 1
CQUAD4 80 1
CQUAD4 81 1
CQUAD4 82 1
CQUAD4 83 1
CQUAD4 84 1
CQUAD4 85 1
CQUAD4 86 1
CQUAD4 87 1
CQUAD4 88 1
CQUAD4 89 1
CQUAD4 90 1
CQUAD4 91 1
CQUAD4 92 1
CQUAD4 93 1
CQUAD4 94 1
CQUAD4 95 1
CQUAD4 96 1
CQUAD4 97 1
CQUAD4 98 1
CQUAD4 99 1
CQUAD4 100 1
CQUAD4 101 1
CQUAD4 102 1
CQUAD4 103 1
CQUAD4 104 1
CQUAD4 105 1
CQUAD4 106 1
CQUAD4 107 1
CQUAD4 108 1
CQUAD4 109 1
CQUAD4 110 1
CQUAD4 111 1
CQUAD4 112 1
CQUAD4 113 1
CQUAD4 114 1
33 48 47
34 49 48
35 50 49
36 51 50
37 52 51
38 53 52
39 54 53
40 55 54
41 56 55
42 57 56
43 58 57
44 59 58
45 60 59
47 62 61
48 63 62
49 64 63
50 65 64
51 66 65
52 67 66
53 68 67
54 69 68
55 70 69
56 71 70
57 72 71
58 73 72
59 74 73
60 75 74
62 77 76
63 78 77
64 79 78
65 80 79
66 81 80
67 82 81
66 83 82
69 84 83
70 85 84
71 86 85
72 87 86
73 88 87
74 89 88
75 90 89
77 92 91
78 93 92
79 94 93
80 95 94
81 96 95
82 97 96
83 98 97
84 99 98
85 100 99
86 101 100
87 102 101
88 103 102
89 104 103
90 105 104
92 107 106
93 108 107
94 109 108
95 110 109
96 111 110
97 112 111
98 113 112
99 114 113
100 115 114
101 116 115
102 117 116
103 118 117
104 119 118
105 120 119
107 122 121
108 123 122
109 124 123
110 125 124
111 126 125
112 127 126
113 128 127
114 129 128
115 130 129
116 131 130
117 132 131
118 133 132
119 134 133
120 135 134
122 137 136
123 138 137
32
33
34
35
36
37
38
39
40
41
42
43
44
46
47
46
49
50
51
52
53
54
55
56
57
58
59
61
62
63
64
65
66
67
68
69
70
71
72
73
74
76
77
78
79
80
81
82
83
84
85
86
87
88
89
91
92
93
94
95
96
97
98
99
100
101
102
103
104
106
107
108
109
110
111
112
113
114
115
116
117
118
119
121
122
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CQUAD4 115 1 123 124 139 138
CQUAD4 116 1 124 125 140 139
CQUAD4 117 1 125 126 141 140
CQUAD4 118 1 126 127 142 141
CQUAD4 119 1 127 128 143 142
CQUAD4 120 1 128 129 144 143
CQUAD4 121 1 129 130 145 144
CQUAD4 122 1 130 131 146 145
CQUAD4 123 1 131 132 147 146
CQUAD4 124 1 132 133 148 147
CQUAD4 125 1 133 134 149 148
CQUAD4 126 1 134 135 150 149
CQUAD4 127 1 136 137 152 151
CQUAD4 128 1 137 138 153 152
CQUAD4 129 1 138 139 154 153
CQUAD4 130 1 139 140 155 154
CQUAD4 131 1 140 141 156 155
CQUAD4 132 1 141 142 157 156
CQUAD4 133 1 142 143 158 157
CQUAD4 134 1 143 144 159 158
CQUAD4 135 1 144 145 160 159
CQUAD4 136 1 145 146 161 160
CQUAD4 137 1 146 147 162 161
CQUAD4 138 1 147 148 163 162
CQUAD4 139 1 148 149 164 163
CQUAD4 140 1 149 150 165 164
CHBDYG 1 AREA4
+CHG1 1 2 17 16
CHBDYG 2 AREA4
+CHG2 2 3 18 17
CHBDYG 3 AREA4
+CHG3 3 4 19 18
CHBDYG 4 AREA4
+CHG4 4 5 20 19
CHBDYG 5 AREA4
+CHG5 5 6 21 20
CHBDYG 6 AREA4
+CHG6 6 7 22 21
CHBDYG 7 AREA4
+CHG7 7 8 23 22
CHBDYG 8 AREA4
+CHG8 8 9 24 23
CHBDYG 9 AREA4
+CHG9 9 10 25 24
CHBDYG 10 AREA4
+CHG10 10 11 26 25
CHBDYG 11 AREA4
+CHG11 11 12 27 26
CHBDYG 12 AREA4
+CHG12 12 13 28 27
CHBDYG 13 AREA4
+CHG13 13 14 29 28
CHBDYG 14 AREA4
+CHG14 14 15 30 29
CHBDYG 15 AREA4
+CHG15 16 17 32 31
CHBDYG 16 AREA4
+CHG16 17 18 33 32
CHBDYG 17 AREA4
+CHG17 18 19 34 33
CHBDYG 18 AREA4
+CHG18 19 20 35 34
CHBDYG 19 AREA4
+CHG19 20 21 36 35
CHBDYG 20 AREA4
+CHG20 21 22 37 36
CHBDYG 21 AREA4
+CHG21 22 23 38 37
CHBDYG 22 AREA4
+CHG22 23 24 39 38
CHBDYG 23 AREA4
+CHG23 24 25 40 39
CHBDYG 24 AREA4
+CHG24 25 26 41 40
CHBDYG 25 AREA4
+CHG25 26 27 42 41
CHBDYG 26 AREA4
+CHG26 27 28 43 42
CHBDYG 27 AREA4
+CHG27 28 29 44 43
CHBDYG 28 AREA4
+CHG28 29 30 45 44
CHBDYG 29 AREA4
+CHG29 31 32 47 46
+CHG1
+CHG2
+CHG3
+CHG4
+CHG5
+CHG6
+CHG7
+CHG8
+CHG9
+CHG10
+CHG11
+CHG12
+CHG13
+CHG14
+CHG15
+CHG16
+CHG17
+CHG18
+CHG19
+CHG20
+CHG21
+CHG22
+CHG23
+CHG24
+CHG25
+CHG26
+CHG27
+CHG28
+CHG29
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CHBDYG 30 AREA4 +CHG30
+CHG30 32 33 48 47
CHBDYG 31 AREA4 +CHG31+CHG31 33 34 49 48
CHBDYG 32 AREA4 +CHG32
+CHG32 34 35 50 49
CHBDYG 33 AREA4 +CHG33
+CHG33 35 36 51 50
CHBDYG 34 AREA4 +CHG34
+CHG34 36 37 52 51
CHBDYG 35 AREA4 +CHG35
+CHG35 37 38 53 52
CHBDYG 36 AREA4 +CHG36
+CHG36 38 39 54 53
CHBDYG 37 AREA4 +CHG37
+CHG37 39 40 55 54
CHBDYG 38 AREA4 +CHG38
+CHG38 40 41 56 55
CHBDYG 39 AREA4 +CHG39
+CHG39 41 42 57 56
CHBDYG 40 AREA4 +CHG40
+CHG40 42 43 58 57
CHBDYG 41 AREA4 +CHG41
+CHG41 43 44 59 58
CHBDYG 42 AREA4 +CHG42
+CHG42 44 45 60 59
CHBDYG 43 AREA4 +CHG43
+CHG43 46 47 62 61
CHBDYG 44 AREA4 +CHG44
+CHG44 47 48 63 62
CHBDYG 45 AREA4 +CHG45
+CHG45 48 49 64 63
CHBDYG 46 AREA4 +CHG46
+CHG46 49 50 65 64
CHBDYG 47 AREA4 +CHG47
+CHG47 50 51 66 65
CHBDYG 48 AREA4 +CHG48
+CHG48 51 52 67 66
CHBDYG 49 AREA4 +CHG49
+CHG49 52 53 68 67
CHBDYG 50 AREA4 +CHG50
+CHG50 53 54 69 68
CHBDYG 51 AREA4 +CHG51
+CHG51 54 55 70 69
CHBDYG 52 AREA4 +CHG52
+CHG52 55 56 71 70
CHBDYG 53 AREA4 +CHG53
+CHG53 56 57 72 71
CHBDYG 54 AREA4 +CHG54
+CHG54 57 58 73 72
CHBDYG 55 AREA4 +CHG55
+CHG55 58 59 74 73
CHBDYG 56 AREA4 +CHG56
+CHG56 59 60 75 74
CHBDYG 57 AREA4 +CHG57
+CHG57 61 62 77 76
+CHG58CHBDYG 58 AREA4
+CHG58 62 63 78 77
+CHG59CHBDYG 59 AREA4
+CHG59 63 64 79 78
+CHG60CHBDYG 60 AREA4
+CHG60 64 65 80 79
+CHG61CHBDYG 61 AREA4
+CHG61 65 66 81 80
+CHG62CHBDYG 62 AREA4
+CHG62 66 67 82 81
+CHG63CHBDYG 63 AREA4
+CHG63 67 68 83 82
+CHG64CHBDYG 64 AREA4
+CHG64 68 69 84 83
+CHG65CHBDYG 65 AREA4
+CHG65 69 70 85 84
+CHG66CHBDYG 66 AREA4
+CHG66 70 71 86 85 +CHG67CHBDYG 67 AREA4
+CHG67 71 72 87 86 +CHG68CHBDYG 68 AREA4
+CHG68 72 73 88 87 +CHG69CHBDYG 69 AREA4
+CHG69 73 74 89 88
+CHG70CHBDYG 70 AREA4
+CHG70 74 75 90 89
+CHG71CHBDYG 71 AREA4
+CHG71 76 77 92 91
+CHG72CHBDYG 72 AREA4
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+CHG72 77 78 93 92
CHBDYG 73 AREA4 +CHG73
+CHG73 78 79 94 93
CHBDYG 74 AREA4 +CHG74
+CHG74 79 80 95 94
CHBDYG 75 AREA4 +CHG75
+CHG75 80 81 96 95
CHBDYG 76 AREA4 +CHG76
+CHG76 81 82 97 96
CHBDYG 77 AREA4 +CHG77
+CHG77 82 83 98 97
CHBDYG 78 AREA4 +CHG78
+CHG78 83 84 99 98
CHBDYG 79 AREA4 +CHG79
+CHG79 84 85 100 99
CHBDYG 80 AREA4 +CHG80
+CHG80 85 86 101 100
CHBDYG 81 AREA4 +CHG81
+CHG81 86 87 102 101
CHBDYG 82 AREA4 +CHG82
+CHG82 87 88 103 102
CHBDYG 83 AREA4 +CHG83
+CHG83 88 89 104 103
CHBDYG 84 AREA4 +CHG84
+CHG84 89 90 105 104
CHBDYG 85 AREA4 +CHG85
+CHG85 91 92 107 106
CHBDYG 86 AREA4 +CHG86
+CHG86 92 93 108 107
CHBDYG 87 AREA4 +CHG87
+CHG87 93 94 109 108
CHBDYG 88 AREA4 +CHG88
+CHG88 94 95 110 109
CHBDYG 89 AREA4 +CHG89
+CHG89 95 96 111 110
CHBDYG 90 AREA4 +CHG90
+CHG90 96 97 112 111
CHBDYG 91 AREA4 +CHG91
+CHG91 97 98 113 112
CHBDYG 92 AREA4 +CHG92
+CHG92 98 99 114 113
CHBDYG 93 AREA4 +CHG93
+CHG93 99 100 115 114
CHBDYG 94 AREA4 +CHG94
+CHG94 100 101 116 115
CHBDYG 95 AREA4 +CHG95
+CHG95 101 102 117 116
CHBDYG 96 AREA4 +CHG96
+CHG96 102 103 118 117
CHBDYG 97 AREA4 +CHG97
+CHG97 103 104 119 118
CHBDYG 98 AREA4 +CHG98
+CHG98 104 105 120 119
CHBDYG 99 ARE A4 +CHG99
+CHG99 106 107 122 121
CHBDYG 100 AREA4 +CHG100
+CHG100 107 108 123 122
+CHG101CHBDYG 101 AREA4
+CHG101 108 109 124 123
+CHG102CHBDYG 102 AREA4
+CHG102 109 110 125 124
+CHG103CHBDYG 103 AREA4
+CHG103 110 111 126 125
+CHG104CHBDYG 104 AREA4
+CHG104 111 112 127 126
+CHG105CHBDYG 105 AREA4
+CHG105 112 113 128 127 +CHG106CHBDYG 106 AREA4
+CHG106 113 114 129 128 +CHG107CHBDYG 107 AREA4
+CHG107 114 115 130 129 +CHG108CHBDYG 108 AREA4
+CHG108 115 116 131 130 +CHG109CHBDYG 109 AREA4
+CHG109 116 117 132 131 +CHG110CHBDYG 110 AREA4
+CHG110 117 118 133 132 +CHG111CHBDYG 111 AREA4
+CHG111 118 119 134 133 +CHG112CHBDYG 112 ARE A4
+CHG112 119 
CHBDYG 113
120 135 134 
AREA4 +CHG113
+CHG113 121 
CHBDYG 114
122 137 136 
AREA4 +CHG114
+CHG114 122 123 138 137
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CHBDYG 115 AREA4 +CHG115+CHG115123 124 139 138
CHBDYG 116 AREA4 +CHG116+CHG116 124 125 140 139
CHBDYG 117 AREA4 +CHG117
+CHG117 125 126 141 140
CHBDYG 118 AREA4 +CHG118
+CHG118126 127 142 141
CHBDYG 119 AREA4 +CHG119
+CHG119 127 128 143 142
CHBDYG 120 AREA4 +CHG120
+CHG120 128 129 144 143
CHBDYG 121 AREA4 +CHG121
+CHG121 129 130 145 144
CHBDYG 122 AREA4 +CHG122
+CHG122 130 131 146 145
CHBDYG 123 AREA4 +CHG123
+CHG123 131 132 147 146
CHBDYG 124 AREA4 +CHG124
+CHG124 132 133 148 147
CHBDYG 125 AREA4 +CHG125
+CHG125 133 134 149 148
CHBDYG 126 AREA4 +CHG126
+CHG126 134 135 150 149
CHBDYG 127 AREA4 +CHG127
+CHG127 136 137 152 151
CHBDYG 128 AREA4 +CHG128
+CHG128 137 138 153 152
CHBDYG 129 AREA4 +CHG129
+CHG129 138 139 154 153
CHBDYG 130 AREA4 +CHG130
+CHG130 139 140 155 154
CHBDYG 131 AREA4 +CHG131
+CHG131 140 141 156 155
CHBDYG 132 AREA4 +CHG132
+CHG132 141 142 157 156
CHBDYG 133 AREA4 +CHG133
+CHG133 142 143 158 157
CHBDYG 134 AREA4 +CHG134
+CHG134 143 144 159 158
CHBDYG 135 AREA4 +CHG135
+CHG135 144 145 160 159
CHBDYG 136 AREA4 +CHG136
+CHG136 145 146 161 160
CHBDYG 137 AREA4 +CHG137
+CHG137 146 147 162 161
CHBDYG 138 AREA4 +CHG138
+CHG138 147 148 163 162
CHBDYG 139 AREA4 +CHG139
+CHG139 148 149 164 163
CHBDYG 140 AREA4 +CHG140
+CHG140 149 150 165 164
$ THIS SECTION CONTAINS THE LOADS, CONSTRAINTS, AND <
$ 0.1km 
$
SPC 10 2 770.0
SPC 10 3 870.0
SPC 10 4 860.0
SPC 10 5 855.0
SPC 10 6 835.0
SPC 10 7 808.0
SPC 10 8 660.0
SPC 10 9 660.0
SPC 10 10 540.0
$ Defines the ambient temperature in following section 
GRID 169 6.0 0.0 6.4
$
SPC 10 169 20.0
$
$SPOINT 149
s
$ THIS SECTION CONTAINS THE PROPERTY AND MATERIAL BULK DATA ENTRIES 
$
PSHELL 1 1 .05
$
MAT4 1 0.012 540. .45-5
$
$
GRDSET 345
ENDDATA
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APPENDIX 3
R esults o f Calculated Cutting Tool Tem perature Field W ith Adhering Layer Form ed
(Obtained Using Non-Uniform mesh)
(TITLE = MSC/NASTRAN - -- MSC/XL 1
(SUBTITLE® 1.5km (Non-Uniform Mesh) 2
I LABEL - 3
(DISPLACEMENTS 4
(REAL OUTPUT 5
(SUBCASE ID *  1 6
1 7.832817E+02 7
2 7.700000E+02 8
3 8.700000E+02 9
4 8.600000E+02 10
5 8.550000E+02 11
6 8.350000E+02 12
7 8.080000E+02 13
8 6.600000E+02 14
9 6.600000E+02 15
10 5.400000E+02 16
11 6.243413E+02 17
12 6.514819E+02 18
13 6.639243E+02 19
14 6.700060E+02 20
15 6.719240E+02 21
16 7.875287E+02 22
17 7.907509E+02 23
18 8.388738E+02 24
19 8.397586E-f02 25
20 8.323873E+02 26
21 8.120225E+02 27
22 7.754998E+02 28
23 6.890342E+02 29
24 6.602575E+02 30
25 6.013459E+02 31
26 6.335074E+02 32
27 6.536209E+02 33
28 6.646774E+02 34
29 6.703658E+02 35
30 6.721880E+02 36
31 7.913015E+02 37
32 7.966296E+02 38
33 8.203029E+02 39
34 8.221283E+02 40
35 8.136147E+02 41
36 7.935673E+02 42
37 7.588407E+02 43
38 7.022081 E+02 44
39 6.698068E+02 45
40 6.357415E+02 46
41 6.458901 E+02 47
42 6.581278E+02 48
43 6.665855E+02 49
44 6.713690E+02 50
45 6.729572E+02 51
46 7.922114E+02 52
47 7.960483E+02 53
48 8.074106E+02 54
49 8.074901E+02 55
50 7.983430E+02 56
51 7.795096E+02 57
52 7.494382E+02 58
53 7.090617E+02 59
54 6.801225E+02 60
55 6.569794E+02 61
56 6.575336E+02 62
57 6.636496E+02 63
58 6.692911 E+02 64
59 6.729061 E+02 65
60 6.741692E+02 66
61 7.906694E+02 67
62 7.926797E+02 68
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63 7.975376E+02 69
64 7.956655E+02 70
65 7.862651 E+02 71
66 7.690855E+02 72
67 7.437190E+02 73
68 7.131067E+02 74
69 6.887509E+02 75
70 6.709764E+02 76
71 6.672896E+02 77
72 6.692310E+02 78
73 6.723882E+02 79
74 6.748024E+02 80
75 6.757067E+02 81
76 7.874691 E+02 82
77 7.880373E+02 83
78 7.891982E+02 84
79 7.857880E+02 85
80 7.764425E+02 86
81 7.610674E+02 87
82 7.398581 E+02 88
83 7.158395E+02 89
84 6.956771 E+02 90
85 6.810603E+02 91
86 6.754547E+02 92
87 6.746078E+02 93
88 6.757069E+02 94
89 6.769826E+02 95
90 6.775233E+02 96
91 7.833941 E+02 97
92 7.829988E+02 98
93 7.820493E+02 99
94 7.776465E+02 100
95 7.685924E+02 101
96 7.549445E+02 102
97 7.371450E+02 103
98 7.177759E+02 104
99 7.010002E+02 105
100 6.884870E+02 106
101 6.820847E+02 107
102 6.794672E+02 108
103 6.789915E+02 109
104 6.792859E+02 110
105 6.794930E+02 111
106 7.755181 E+02 112
107 7.743568E+02 113
108 7.718409E+02 114
109 7.667680E+02 115
110 7.585677E+02 116
111 7.475054E+02 117
112 7.340396E+02 118
113 7.198983E+02 119
114 7.072779E+02 120
115 6.971946E+02 121
116 6.906642E+02 122
117 6.865546E+02 123
118 6.843323E+02 124
119 6.833468E+02 125
120 6.830811 E+02 126
121 7.663597E+02 127
122 7.650188E+02 128
123 7.620875E+02 129
124 7.571754E+02 130
125 7.502110E+02 131
126 7.415747E+02 132
127 7.315996E+02 133
128 7.213243E+02 134
129 7.119047E+02 135
130 7.038267E+02 136
131 6.977922E+02 137
132 6.931454E+02 138
133 6.898989E+02 139
134 6.879872E+02 140
135 6.873417E+02 141
136 7.579404E+02 142
137 7.567865E+02 143
138 7.540768E+02 144
139 7.497726E+02 145
140 7.440448E+02 146
141 7.372905E+02 147
142 7.297286E+02 148
143 7.219903E+02 149
144 7.147266E+02 150
145 7.081524E+02 151
146 7.028096E+02 152
147 6.982368E+02 153
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148 6.946394E+02 154
149 6.922758E+02 155
150 6.914185E+02 156
151 7.537437E+02 157
152 7.527065E+02 158
153 7.501443E+02 159
154 7.461537E+02 160
155 7.409830E+02 161
156 7.350217E+02 162
157 7.284443E+02 163
158 7.217394E+02 164
159 7.153932E+02 165
160 7.095342E+02 166
161 7.046321 E+02 167
162 7.002847E+02 168
163 6.967288E+02 169
164 6.943075E+02 170
165 6.934090E+02 171
169 2.000000E+01 172
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APPENDIX 4
R esults erf C alculated Cutting Tool Tem perature Field W ithout Adhering Layer Form ed
(Obtained Using Non-Uniform mesh)
1TITLE = MSC/NASTRAN —  MSC/XL 1
¡SUBTITLE« 0.1km (Non-Uniform Mesh) 2
¡LABEL .  3
¡DISPLACEMENTS 4
¡REAL OUTPUT 5
¡SUBCASE ID « 1 6
1 8.280775E+02 7
2 8.100000E+02 8
3 9.650000E+02 9
4 9.700000E+02 10
5 9.400000E+02 11
6 9.200000E+02 12
7 8.160000E+02 13
8 6.600000E+02 14
9 6.600000E+02 15
10 5.400000E+02 16
11 6.298129E+02 17
12 6.612883E+02 18
13 6.750586E+02 19
14 6.813316E+02 20
15 6.831777E+02 21
16 8.428452E+02 22
17 8.512866E+02 23
18 9.054291 E+02 24
19 9.129941 E+02 25
20 8.943616E+02 26
21 8.612950E+02 27
22 7.927988E+02 28
23 7.115126E+02 29
24 6.753901 E+02 30
25 6.299365E+02 31
26 6.507970E+02 32
27 6.677699E+02 33
28 6.777932E+02 34
29 6.829125E+02 35
30 6.844795E+02 36
31 8.492511 E+02 37
32 8.554705E+02 38
33 8.740624E+02 39
34 8.751275E+02 40
35 8.592276E+02 41
36 8.291675E+02 42
37 7.826304E+02 43
38 7.323992E+02 44
39 6.983491 E+02 45
40 6.727972E+02 46
41 6.730616E+02 47
42 6.788805E+02 48
43 6.839516E+02 49
44 6.870146E+02 50
45 6.880174E+02 51
46 8.463560E+02 52
47 8.484820E+02 53
48 8.531714E+02 54
49 8.493267E+02 55
50 8.347458E+02 56
51 8.101511 E+02 57
52 7.771200E+02 58
53 7.427968E+02 59
54 7.157713E+02 60
55 6.970384E+02 61
56 6.907446E+02 62
57 6.902781 E+02 63
58 6.914769E+02 64
59 6.925863E+02 65
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60 6.930020E+02 66
61 8.388772E+02 67
62 8.385745E+02 68
63 8.375557E+02 69
64 8.312511E+02 70
65 8.180047E+02 71
66 7.981963E+02 72
67 7.737007E+02 73
68 7.486655E+02 74
69 7.275345E+02 75
70 7.122123E+02 76
71 7.039365E+02 77
72 7.003049E+02 78
73 6.990028E+02 79
74 6.986484E+02 80
75 6.985917E+02 81
76 8.301442E+02 82
77 8.287437E+02 83
78 8.254559E+02 84
79 8.183164E+02 85
80 8.064787E+02 86
81 7.903365E+02 87
82 7.713918E+02 88
83 7.521777E+02 89
84 7.352778E+02 90
85 7.222167E+02 91
86 7.135990E+02 92
87 7.085228E+02 93
88 7.057842E+02 94
89 7.044774E+02 95
90 7.040949E+02 96
91 8.219246E+02 97
92 8.201595E+02 98
93 8.161152E+02 99
94 8.089816E+02 100
95 7.984673E+02 101
96 7.850106E+02 102
97 7.697444E+02 103
98 7.543097E+02 104
99 7.403408E+02 105
100 7.289444E+02 106
101 7.205764E+02 107
102 7.149456E+02 108
103 7.114662E+02 109
104 7.096049E+02 110
105 7.090224E+02 111
106 8.150503E+02 112
107 8.132692E+02 113
108 8.091129E+02 114
109 8.023174E+02 115
110 7.929115E+02 116
111 7.813561 E+02 117
112 7.685272E+02 118
113 7.555651 E+02 119
114 7.435899E+02 120
115 7.334234E+02 121
116 7.254716E+02 122
117 7.197157E+02 123
118 7.159055E+02 124
119 7.137560E+02 125
120 7.130636E+02 126
121 8.098846E+02 127
122 8.082241 E+02 128
123 8.041774E+02 129
124 7.977580E+02 130
125 7.891694E+02 131
126 7.788800E+02 132
127 7.676078E+02 133
128 7.562162E+02 134
129 7.455434E+02 135
130 7.362401 E+02 136
131 7.286844E+02 137
132 7.229821 E+02 138
133 7.190604E+02 139
134 7.167833E+02 140
135 7.160386E+02 141
136 8.065996E+02 142
137 8.050718E+02 143
138 8.011316E+02 144
139 7.949598E+02 145
140 7.868561 E+02 146
141 7.772916E+02 147
142 7.668995E+02 148
143 7.564010E+02 149
144 7.464699E+02 150
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145 7.377238E+02 151
146 7.304611E+02 152
147 7.248596E+02 153
148 7.209305E+02 154
149 7.186155E+02 155
150 7.178524E+02 156
151 8.053560E+02 157
152 8.038473E+02 158
153 7.998685E+02 159
154 7.937205E+02 160
155 7.857446E+02 161
156 7.764135E+02 162
157 7.663307E+02 163
158 7.561667E+02 164
159 7.465621 E+02 165
160 7.380359E+02 166
161 7.309318E+02 167
162 7.254171 E+02 168
163 7.215256E+02 169
164 7.192222E+02 170
165 7.184611 E+02 171
169 2.000000E+01 172
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APPENDIX 5
R esults erf C alculated Cuttinp Tool Tem perature Field W ith Adhering Layer Formed
(Obtained Using Uniform mesh)
(TITLE = MSC/NASTRAN - ~  MSC/XL 1
(SUBTITLE* 1.5km (Uniform Mesh) 2
! LABEL * 3
¡DISPLACEMENTS 4
IREAL OUTPUT 5
ISUBCASE ID « 1 6
1 7.803279E+02 7
2 7.700000E+02 8
3 8.700000E+02 9
4 8.600000E+02 10
5 8.550000E+02 11
6 8.350000E+02 12
7 8.080000E+02 13
8 6.600000E+02 14
9 6.600000E+02 15
10 5.400000E+02 16
11 6.176951 E+02 17
12 6.443762E+02 18
13 6.558679E+02 19
14 6.610558E+02 20
15 6.625765E+02 21
16 7.888220E+02 22
17 7.942832E+02 23
18 8.281366E+02 24
19 8.295961 E+02 25
20 8.215829E+02 26
21 8.010844E+02 27
22 7.652784E+02 28
23 6.965569E+02 29
24 6.646206E+02 30
25 6.195651 E+02 31
26 6.360105E+02 32
27 6.499272E+02 33
28 6.581653E+02 34
29 6.623651 E+02 35
30 6.636489E+02 36
31 7.915613E+02 37
32 7.953215E+02 38
33 8.065527E+02 39
34 8.062026E+02 40
35 7.970165E+02 41
36 7.780941 E+02 42
37 7.485222E+02 43
38 7.086458E+02 44
39 6.796487E+02 45
40 6.556734E+02 46
41 6.548213E+02 47
42 6.592443E+02 48
43 6.632795E+02 49
44 6.657438E+02 50
45 6.665530E+02 51
46 7.884164E+02 52
47 7.895346E+02 53
48 7.920496E+02 54
49 7.890306E+02 55
50 7.795925E+02 56
51 7.632828E+02 57
52 7.405330E+02 58
53 7.139941 E+02 59
54 6.917018E+02 60
55 6.752101 E+02 61
56 6.693495E+02 62
57 6.686285E+02 63
58 6.694581 E+02 64
59 6.703022E+02 65
60 6.706247E+02 66
61 7.824852E+02 67
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62 7.820690E+02 68
63 7.810030E+02 69
64 7.764359E+02 70
65 7.673719E+02 71
66 7.536611E+02 72
67 7.361068E+02 73
68 7.169333E+02 74
69 6.999211E+02 75
70 6.870521E+02 76
71 6.799421 E+02 77
72 6.767546E+02 78
73 6.755728E+02 79
74 6.752281 E+02 80
75 6.751658E+02 81
76 7.759013E+02 82
77 7.748002E+02 83
78 7.722970E+02 84
79 7.671483E+02 85
80 7.587811 E+02 86
81 7.472651 E+02 87
82 7.333843E+02 88
83 7.187138E+02 89
84 7.053373E+02 90
85 6.946987E+02 91
86 6.875676E+02 92
87 6.833304E+02 93
88 6.810334E+02 94
89 6.799346E+02 95
90 6.796125E+02 96
91 7.697982E+02 97
92 7.684777E+02 98
93 7.654905E+02 99
94 7.603120E+02 100
95 7.527224E+02 101
96 7.429238E+02 102
97 7.315865E+02 103
98 7.198101E+02 104
99 7.088777E+02 105
100 6.997756E+02 106
101 6.930071 E+02 107
102 6.884204E+02 108
103 6.855760E+02 109
104 6.840519E+02 110
105 6.835747E+02 111
106 7.647169E+02 112
107 7.633998E+02 113
108 7.603423E+02 114
109 7.553693E+02 115
110 7.484824E+02 116
111 7.399526E+02 117
112 7.303436E+02 118
113 7.204531 E+02 119
114 7.111487E+02 120
115 7.031304E+02 121
116 6.967927E+02 122
117 6.921744E+02 123
118 6.891053E+02 124
119 6.873702E+02 125
120 6.868109E+02 126
121 7.609009E+02 127
122 7.596751 E+02 128
123 7.566920E+02 129
124 7.519612E+02 130
125 7.456125E+02 131
126 7.379502E+02 132
127 7.294615E+02 133
128 7.207667E+02 134
129 7.125109E+02 135
130 7.052303E+02 136
131 6.992643E+02 137
132 6.947331 E+02 138
133 6.916036E+02 139
134 6.897820E+02 140
135 6.891855E+02 141
136 7.584728E+02 142
137 7.573438E+02 143
138 7.544310E+02 144
139 7.498610E+02 145
140 7.438366E+02 146
141 7.366778E+02 147
142 7.288275E+02 148
143 7.208117E+02 149
144 7.131627E+02 150
145 7.063314E+02 151
146 7.006263E+02 152
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147 6.961995E+02 153
148 6.930809E+02 154
149 6.912383E+02 155
150 6.906302E+02 156
151 7.575531 E+02 157
152 7.564373E+02 158
153 7.534921 E+02 159
154 7.489313E+02 160
155 7.429894E+02 161
156 7.359919E+02 162
157 7.283654E+02 163
158 7J206019E+02 164
159 7.131931 E+02 165
160 7.065565E+02 166
161 7.009847E+02 167
162 6.966338E+02 168
163 6.935504E+02 169
164 6.917201 E+02 170
165 6.911145E+02 171
169 2.000000E+01 172
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APPENDIX 6
R esults o f Calculated Cutting Tool Tem perature Field W ithout Adhering Layer Formed
(Obtained Using Uniform mesh)
(TITLE = MSC/NASTRAN ----  MSC/XL 1
(SUBTITLE* 1 b.1km (Uniform Mesh) 2
(LABEL' - 3
(DISPLACEMENTS 4
(REAL OUTPUT 5
(SUBCASE ID * 1 6
1 8.329922E+02 7
2 8.100000E+02 8
3 9.650000E+02 9
4 9.700000E+02 10
5 9.400000E+02 11
6 9.200000E+02 12
7 8.160000E+02 13
8 6.600000E+02 14
9 6.600000E+02 15
10 5.400000E+02 16
11 6.373458E+02 17
12 6.695784E+02 18
13 6.846412E+02 19
14 6.920797E+02 20
15 6.944364E+02 21
16 8.402806E+02 22
17 8.447170E+02 23
18 9.209589E+02 24
19 9.305734E+02 25
20 9.097686E+02 26
21 8.778710E+02 27
22 7.986702E+02 28
23 6.995406E+02 29
24 6.675795E+02 30
25 6.089049E+02 31
26 6.478302E+02 32
27 6.720922E+02 33
28 6.855471 E+02 34
29 6.925190E+02 35
30 6.947609E+02 36
31 8.474056E+02 37
32 8.558288E-f02 38
33 8.940890E+02 39
34 9.003416E+02 40
35 8.829567E+02 41
36 8.500114E+02 42
37 7.892278E+02 43
38 7.203187E+02 44
39 6.833626E+02 45
40 6.487643E+02 46
41 6.622967E+02 47
42 6.774435E+02 48
43 6.878504E+02 49
44 6.937460E+02 50
45 6.957067E+02 51
46 8.501903E+02 52
47 8.565168E+02 53
48 8.753115E+02 54
49 8.769991 E+02 55
50 8.610384E+02 56
51 8.308345E+02 57
52 7.834576E+02 58
53 7.325181 E+02 59
54 6.986591 E+02 60
55 6.741950E+02 61
56 6.761667E+02 62
57 6.840734E+02 63
58 6.911350E+02 64
59 6.956306E+02 65
60 6.971994E+02 66
61 8.490874E+02 67
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62 8.526071 E+02 6863 8.610142E+02 69
64 8.590174E+02 70
65 8.439342E+02 71
66 8.173537E+02 72
67 7.796476E+02 73
68 7.402495E+02 74
69 7.110978E+02 75
70 6.914534E+02 76
71 6.880007E+02 77
72 6.908495E+02 78
73 6.949183E+02 79
74 6.979628E+02 80
75 6.990966E+02 81
76 8.453329E+02 82
77 8.465870E+02 83
78 8.490752E+02 84
79 8.445038E+02 85
80 8.302645E+02 86
81 8.072745E+02 87
82 7.768678E+02 88
83 7.456217E+02 89
84 7.210020E+02 90
85 7.041903E+02 91
86 6.980684E+02 92
87 6.974463E+02 93
88 6.989979E+02 94
89 7.006536E+02 95
90 7.013433E+02 96
91 8.401210E+02 97
92 8.398452E+02 98
93 8.389649E+02 99
94 8.328434E+02 100
95 8.195190E+02 101
96 7.996878E+02 102
97 7.747772E+02 103
98 7.494330E+02 104
99 7.286023E+02 105
100 7.137453E+02 106
101 7.063590E+02 107
102 7.034664E+02 108
103 7.030605E+02 109
104 7.035063E+02 110
105 7.037855E+02 111
106 8.296182E+02 112
107 8.281144E+02 113
108 8.247629E+02 114
109 8.176898E+02 115
110 8.060622E+02 116
111 7.905360E+02 117
112 7.721385E+02 118
113 7.535748E+02 119
114 7.375880E+02 120
115 7.251769E+02 121
116 7.172739E+02 122
117 7.123560E+02 123
118 7.097197E+02 124
119 7.085600E+02 125
120 7.082493E+02 126
121 8.172245E+02 127
122 8.154099E+02 128
123 8.114090E+02 129
124 8.046437E+02 130
125 7.950393E+02 131
126 7.832357E+02 132
127 7.698349E+02 133
128 7.563387E+02 134
129 7.442299E+02 135
130 7.340267E+02 136
131 7.264924E+02 137
132 7.207331 E+02 138
133 7.167261 E+02 139
134 7.143712E+02 140
135 7.135764E+02 141
136 8.058182E+02 142
137 8.042531 E+02 143
138 8.005746E+02 144
139 7.947343E+02 145
140 7.869893E+02 146
141 7.779213E+02 147
142 7.678733E+02 148
143 7.577161 E+02 149
144 7.482963E+02 150
145 7.398599E+02 151
146 7.330588E+02 152
Appendices
147 7.272737E+02 153
148 7.227433E+02 154
149 7.197756E+02 155
150 7.187009E+02 156
151 8.001501 E+02 157
152 7.987496E+02 158
153 7.952935E+02 159
154 7.899227E+02 160
155 7.829921 E+02 161
156 7.750491 E+02 162
157 7.663510E+02 163
158 7.575591 E+02 164
159 7.493077E+02 165
160 7.417486E+02 166
161 7.354651 E+02 167
162 7.299231 E+02 168
163 7.254104E+02 169
164 7.223480E+02 170
165 7.212137E+02 171
169 2.000000E+01 172
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